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Description 

Field of the Invention 

[0001] The present invention relates in general to a 5 
method and an apparatus for measuring combustible 
gas components, in particular, for measuring the con- 
centrations of combustible gas components included in 
combustion gases emitted from internal combustion en- 
gines, external combustion engines, combustion fur- 10 
naces and the like which are operated with a heavy oil, 
a light oil, a gasoline or a natural gas. More particularly, 
this invention is concerned with such method and appa- 
ratus that permit accurate measurement or determina- 
tion of the concentration of hydrocarbon (HC) included * 5 
in a subject gas (combustion gas) which also includes 
hydrogen (H 2 ) and carbon monoxide (CO). 

Discussion of the Related Art 

20 

[0002] In the field of measuring combustible gas com- 
ponents in a subject gas such as a combustion gas as 
indicated above, there is known a so-called "contact 
burning" type gas sensor which utilizes platinum (Pt) as 
an oxidizing catalyst. This contact burning type gas sen- 25 
sor is adapted to oxidize and burn the combustible gas 
components of the subject gas in contact with a platinum 
resistor wire, and measure the concentration of the com- 
bustible gas components according to an electric signal 
indicative of the electrical resistance of the platinum re- 30 
sistor wire, which varies with a rise of the temperature 
of the platinum resistor wire due to heat generated by 
the burning of the combustible gas components. 
[0003] In this contact burning type gas sensor wherein 
the combustible gas components are burned in contact 35 
with the platinum resistor wire, it is essential that the 
subject gas include oxygen. Therefore, this gas sensor 
is not capable of dealing with subject gases whose ox- 
ygen concentration is insufficient for burning the com- 
bustible gas components. For instance, the gas sensor 40 
is not capable of dealing with combustion gases pro- 
duced as a result of combustion of a fuel-rich air-fuel 
mixture whose air/fuel ratio is smaller than the stoichio- 
metric value. Where the subject gas includes H 2 , CO 
and HC as the combustible gas components, the output 45 
of the gas sensor represents the total concentration of 
all the combustible gas components. Thus, the gas sen- 
sor does not permit the determination of the concentra- 
tion of HC only, in the presence of H 2 and CO. 
[0004] Various gas sensors of metal oxide semicon- 50 
ductor type are also proposed. The metal oxide semi- 
conductor type gas sensor utilizes a sintered body of a 
metal oxide such as tin oxide and zinc oxide, which ex- 
hibits properties of an N-type semiconductor. The elec- 
trical resistance of such a metal oxide semiconductor 55 
varies as the combustible gas components of the sub- 
ject gas are adsorbed on the metal oxide semiconduc- 
tor. The concentration of the combustible gas compo- 



nents is determined on the basis of a change in the elec- 
trical resistance of the metal oxide semiconductor. How- 
ever, the output of this type of gas sensor is influenced 
by oxygen and humidity, and the gas sensor is not ca- 
pable of selectively obtaining the concentration of HC, 
due to an influence of the other combustible gas com- 
ponents. 

[0005] U.S. Patent No. 4,158,166 discloses a sensor 
for measuring the concentration of combustible gas 
components, which uses an electrochemical oxygen 
pumping cell constituted by an oxygen ion conductive 
solid electrolyte body and a pair of electrodes. This gas 
sensor is adapted to burn the combustible gas compo- 
nents and determine the concentration of the combus- 
tible gas components on the basis of an electric current 
(pumping current) flowing through the pumping cell. 
However, this gas sensor is considerably influenced by 
the existence of oxygen. That is, the subject gas that 
can be handled by this gas sensor is limited to a com- 
bustible gas atmosphere in which the amount of com- 
bustibles or fuel components is larger than the amount 
of oxygen. If the amount of oxygen is almost equal to 
the amount of the combustible gas components, the 
combustible gas components will be oxidized by reac- 
tion with oxygen in the subject gas, without a supply of 
oxygen from another source by an oxygen pumping ac- 
tion of the oxygen pumping cell. As a result, the pumping 
current of the pumping cell does not accurately reflect 
the concentration of the combustible gas components. 
Thus, the measurement of the concentration of the com- 
bustible gas components on the basis of the pumping 
current is difficult. 

[0006] EP-A-60944 describes a sensor for detecting 
the amounts of oxygen and combustible gas, such as 
hydrogen or carbon monoxide, in a gaseous mixture, us- 
ing two electrochemical cells operating in sequence. 
The first cell is a molten carbonate cell which removes 
0 2 in combination with C0 2 from the gas mixture to pro- 
vide a measurement of the oxygen content. The second 
cell has an oxygen ion conductive solid electrolyte and 
catalyzing electrodes, and passes oxygen to combust 
the combustible gas passed from the first cell. The cell 
current generated in the second cell by the transport of 
oxygen ions is measured as an indication of the amount 
of combustible gas. Alternatively an EMF measuring cir- 
cuit is connected across the electrodes of the second 
cell to give an oxygen measurement, which indirectly 
provides a measure of the combustible gas. 
[0007] EP-A-678740 (published 20 April 1995) de- 
scribes sensors for measuring NOx, H 2 0 and C0 2 , em- 
ploying a first oxygen pumping cell to pump oxygen from 
a first processing zone and a second oxygen pumping 
cell for detecting oxygen produced by decomposition of 
the gas in a second processing zone. For measuring H 2 
or NH 3 a proton pump is employed in the second 
processing zone, to pump out hydrogen. 
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SUMMARY OF THE INVENTION 

[0008] The present invention was developed in an ef- 
fort to solve the drawbacks of the known method and 
apparatus for measuring the combustible gas compo- 
nents. It is therefore a first object of the present invention 
to provide a method by which the concentration of a 
combustible gas component of a subject gas, in partic- 
ular hydrocarbon, can be accurately measured without 
an influence of the oxygen concentration of the subject 
gas. 

[0009] It is a second object of this invention to provide 
an apparatus suitable for practicing the method of the 
invention. 

[0010] It is an object of this invention to provide a 
method and an apparatus which permit a high degree 
of sensitivity to HC as a combustible gas component, 
with a minimum influence of CO and H 2 . 
[001 1] According to a first aspect of the present inven- 
tion, there is provided a method of measuring a com- 
bustible gas component of a subject gas, as set out in 
claim 1. 

[0012] In the method of the present invention de- 
scribed above, the concentration of the combustible gas 
component present in the subject gas can be suitably 
measured without an influence of the oxygen included 
in the subject gas. 

[0013] The method of the invention is particularly ef- 
fective to deal with the subject gas which includes hy- 
drogen and hydrocarbon as combustible gas compo- 
nents. The energizing of the proton pump performs a 
proton pumping action for pumping hydrogen out of the 
first and second processing zone, and the concentration 
of the hydrocarbon in the subject gas is thus determined. 
In this respect, it is noted that hydrogen may be pro- 
duced according to a reaction CO + H 2 0 <-» C0 2 + H 2 . 
The thus produced hydrogen is also pumped out by the 
proton pump. 

[0014] According to a preferred feature of the inven- 
tion, the first and second electrochemical oxygen pump- 
ing cells are held at an elevated temperature by a suit- 
able heater, so as to assure effective oxygen pumping 
actions. 

[0015] According to another preferred feature of the 
invention, the method further comprises a step of de- 
tecting the oxygen partial pressure of the atmosphere 
within the first processing zone, and a voltage of a var- 
iable-voltage power source to be applied to electrodes 
of the first electrochemical oxygen pumping cell is con- 
trolled on the basis of the detected oxygen partial pres- 
sure within the first processing zone, such that the de- 
tected oxygen partial pressure within the first processing 
zone is held at the predetermined value. 
[0016] According to a further preferred feature of the 
invention, the oxygen partial pressure of the atmos- 
phere within the first processing zone is held at 1 0* 14 atm 
or lower, so as to inhibit the oxidization of HC, CO and 
H 2 included as combustible gas components in the at- 



mosphere in the first processing zone. 
[0017] According to yet another preferred feature of 
the invention, the second electrochemical oxygen 
pumping cell comprises performs the oxygen pumping 

5 action such that an amount of oxygen to be pumped into 
the second processing zone is not smaller than an 
amount which is substantially necessary to burn the 
combustible gas component, and such that a partial 
pressure of residual oxygen remaining in the second 

10 processing zone after burning of the combustible gas 
component is held at a predetermined value. 
[0018] According to a further preferred feature of the 
invention, the residual oxygen partial pressure in the 
second processing zone is controlled to 1/100 or smaller 

15 of the concentration of the combustible gas components 
included in the subject gas, so as to improve the accu- 
racy of measurement of the appropriate combustible 
gas component. 

[0019] The method according to the present invention 
20 may be suitable practiced by an apparatus constructed 
according to a second second aspect of the present in- 
vention for measuring a combustible gas component of 
a subject gas, the apparatus being as set out in claim 6. 
[0020] The present apparatus has substantially the 
25 same advantages as described above with respect to 
the method of the present invention. 
[0021 ] According to a first preferred form of the appa- 
ratus of the present invention, the first and second 
processing zones, the first and second diffusion control 
30 means and the first and second electrochemical oxygen 
pumping cells are integrally provided in a sensing ele- 
ment, which includes the first and second oxygen ion 
conductive solid electrolyte layers as an integral part 
thereof. 

35 [0022] According to one advantageous arrangement 
of the above first preferred form of the apparatus, the 
sensing element has a single generally elongate internal 
space communicating with tne external subject gas 
space, and the internal space has a first portion which 
*o is adjacent to the first diffusion control means and which 
includes the first processing zone, and a second portion 
remote from the first diffusion control means and which 
includes the second processing zone. In this case, the 
first diffusion control means may be formed in the sens- 
es ing element such that the first diffusion control means 
communicates at one end thereof with the first portion 
of the internal space, and is open at the other end to the 
external subject gas space. 

[0023] According to a second advantageous arrange- 
50 ment of the above first preferred form of the apparatus 
the sensing element has a first and a second internal 
cavity which provide the first and second processing 
zones, respectively, and the first internal cavity commu- 
nicates with the external subject gas space, while the 
55 second internal cavity communicates with the first inter- 
nal cavity. In this case, the first diffusion control means 
may be formed in communication with the first internal 
cavity and is open to the external subject gas space, 



5 EP01 

S , while the second diffusion control means is formed be- 

tween and in communication with the first and second 
internal cavities. 

[0024] According to a second preferred form of the ap- 
paratus of the invention, there is provided a selective 
oxidizing catalyst which is capable of oxidizing carbon 
monoxide and hydrogen included as combustible gas 
components in the subject gas and is not capable of ox- 
idizing hydrocarbon also included as a combustible gas 
component in the subject gas. The selective oxidizing 
catalyst is positioned relative to the first processing zone 
such that the subject gas is brought into contact with the 
selective oxidizing catalyst when the subject gas is in- 
troduced into the first processing zone. 
[0025] The first and second oxygen ion conductive 
solid electrolyte layers of the first and second electro- 
chemical oxygen pumping cells may consist of respec- 
tive layers. Alternatively, a single oxygen ion conductive 
solid electrolyte layer may be used to function as the 
first and second oxygen ion conductive solid electrolyte 
layers of the two pumping cells. 
[0026] According to a third preferred form of the 
present apparatus, there are provided first oxygen par- 
tial pressure detecting means for detecting the oxygen 
partial pressure of the atmosphere within the first 
processing zone, and a variable-voltage power source 
for applying a voltage between the first pair of electrodes 
of the first electrochemical oxygen pumping cell such 
that the voltage is controlled on the basis of the oxygen 
partial pressure detected by the first oxygen partial pres- 
sure detecting means, to thereby control the oxygen 
partial pressure of the atmosphere within the first 
processing zone. 

[0027] According to a fourth preferred form of the ap- 
paratus, there is provided a power source for applying 
a voltage between the second pair of electrodes of the 
second electrochemical oxygen pumping cell such that 
an oxygen partial pressure of the atmosphere within the 
second processing zone is held at a predetermined con- 
stant value. In this case, second oxygen partial pressure 
detecting means may be provided for detecting an oxy- 
gen partial pressure of the atmosphere within the sec- 
ond processing zone. In this instance, the voltage to be 
applied between the second pair of electrodes may be 
determined such that the oxygen partial pressure de- 
tected by the second oxygen partial pressure detecting 
means is held at the predetermined constant value. 
[0028] In the apparatus of the invention, an aqueous 
gas converting catalyst may be provided for converting 
carbon monoxide in the first or second processing zone 
into hydrogen. This aqueous gas converting catalyst is 
located at the same position as or upstream of the pro- 
ton pump as seen in a direction of diffusion from the first 
processing zone toward the second processing zone. 
For instance, the aqueous gas converting catalyst may 
be formed on the above-indicated one of the pair of pro- 
ton pumping electrodes which is exposed to the first or 
second processing zone. 
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[0029] According to another preferred form of the ap- 
paratus, the second processing zone includes the sec- 
ond diffusion control means. This second diffusion con- 
trol means may consist of a porous layer formed on the 

5 above-indicated one of the second pair of electrodes 
which is exposed to the second processing zone. This 
electrode of the second electrochemical oxygen pump- 
ing cell may function as a catalyst for oxidizing the com- 
bustible gas component. Further, this electrode may be 

10 formed of a porous cermet consisting of a ceramic ma- 
terial, and a metal capable of oxidizing the combustible 
gas component. 

[0030] According to yet another preferred form of the 
apparatus of the invention, there is provided heating 
15 means for heating the first and second electrochemical 
oxygen pumping cells to hold these pumping cells at a 
predetermined temperature for permitting the pumping 
cells to perform effective oxygen pumping actions. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] The above and optional objects, features, ad- 
vantages, and technical and industrial significance of 
the present invention will be better understood by read- 
25 ing the following detailed description of presently pre- 
ferred embodiments of the invention, when considered 
in conjunction with the accompanying drawings, in 
which: 

30 Fig. 1(a) is a fragmentary plan view of a first com- 
bustible gas component measuring apparatus here 
described to aid explanation of the present inven- 
tion; 

Fig. 1(b) is a fragmentary enlarged view in cross 
35 sectional taken along line A-A of Fig. 1(a); 

Figs. 2(a) and 2(b) are views corresponding to 
those of Figs. 1 (a) and 1 (b), showing a second com- 
bustible gas component measuring apparatus also 
described to aid explanation of the present inven- 
40 tion; 

Fig. 3 is a graph indicating relationships between 
concentrations of combustible gas components and 
a pumping current of a second electrochemical ox- 
ygen pumping cell, which relationships were ob- 
45 tained by a sensing element shown in Figs. 2(a) and 
2(b); 

Fig. 4 is a fragmentary enlarged view in cross sec- 
tion corresponding to that of Fig. 1(b), showing a 
third sensing element used in a combustible gas 

50 component measuring apparatus also described to 
aid explanation of this invention; 
Figs. 5(a) and 5(b) are views corresponding to 
those of Figs. 1(a) and 1(b), showing a sensing el- 
ement used in a combustible gas component meas- 

55 uring apparatus according to a first embodiment of 
this invention; 

Fig. 6 is a graph indicating a relationship between 
a HC concentration and a pumping current of a sec- 
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ond electrochemical oxygen pumping cell, which re- 
lationship was obtained by the sensing element 
shown in Figs. 5(a) and 5(b); 
Fig. 7 is a graph indicating a relationship between 
a CO concentration and the pumping current of the 5 
second electrochemical oxygen pumping cell, 
which relationship was obtained by the sensing el- 
ement of Figs. 5(a) and 5(b); 
Fig. 8 is a graph indicating a relationship between 
a H 2 concentration and the pumping current of the io 
second electrochemical pumping cell, which rela- 
tionship was obtained by the sensing element of 
Figs. 5(a) and 5(b); 

Fig. 9 is an enlarged view in cross section corre- 
sponding to that of Fig. 1(b), showing a sensing el- *5 
ement used in a combustible gas component meas- 
uring apparatus according to a second embodiment 
of this invention; 

Fig. 10 is an enlarged view in cross section corre- 
sponding to that of Fig. 1(b), showing a sensing el- 20 
ement used in a combustible gas component meas- 
uring apparatus according to a third embodiment of 
the invention; 

Fig. 11 is an enlarged view in cross section corre- 
sponding to that of Fig. 1(b), showing a sensing el- 25 
ement used in a combustible gas component meas- 
uring apparatus according to a fourth embodiment 
of the invention; and 

Fig. 12 is an enlarged view in cross section corre- 
sponding to that of Fig. 1(b), showing a sensing el- 30 
ement used in a combustible gas component meas- 
uring apparatus according to an eighth embodiment 
of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 35 
EMBODIMENTS 

[0032] Referring first to Figs. 1(a) and 1(b), there is 
shown an example of a sensing element 2 which can be 
used in an apparatus for measuring combustible gas 40 
components. This element is here described to aid ex- 
planation of the invention. 

[0033] The sensing element 2 is a plate-like body hav- 
ing a relatively small width and a relatively large length. 
As is apparent from Fig. 1 (b), the plate-like body of the 45 
sensing element 2 is an integral laminar structure includ- 
ing a plurality of dense, substantially gas-tight layers 4a, 
4b, 4c, 4d, 4e and 4f of oxygen ion conductive solid elec- 
trolyte 4. These solid electrolyte layers 4a-4f are formed 
of zirconia ceramics or other known oxygen ion conduc- 50 
tive solid electrolyte materials. This integral sensing el- 
ement 2 is produced by co-firing a stack of unfired or 
green precursors of the oxygen ion conductive solid 
electrolyte layers 4a-4f, in a manner known in the art. 
[0034] Within this integral sensing element 2, there 55 
are formed a first and a second internal cavity 6, 8, which 
are rectangular as seen in Fig. 1(a) and are planar as 
seen in Fig. 1 (b). These first and second internal cavities 
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6, 8 are formed substantially gas-tightly with respect to 
the oxygen ion conductive solid electrolyte layers 4a-4f, 
and are spaced apart from each other in a direction of 
length of the sensing element 2, such that the first inter- 
nal cavity 6 is located near one longitudinal end (distal 
end) of the sensing element 2. The first and second in- 
ternal cavities 6, 8 provide a first and a second process- 
ing zone. The sensing element 2 also has a reference 
gas space in the form of a reference air passage 10 
which is formed gas-tightly with respect to the first and 
second internal cavities 6, 8. the reference air passage 
10 extends in the longitudinal direction of the sensing 
element 2, over a distance which covers the entire 
length of the second internal cavity 8 and a substantive 
portion of the length of the first internal cavity 6. The 
reference air passage 10 is open to the ambient atmos- 
phere at the other longitudinal end (proximal end) of the 
sensing element 2. 

[0035] The first and second internal cavities 6, 8 are 
defined by respective rectangular holes which are 
formed through the solid electrolyte layer 4b and which 
are closed by the adjacent upper and lower solid elec- 
trolyte layers 4a, 4c, so that the two cavities 6, 8 lie in 
substantially the same plane. Similarly, the reference air 
passage 10 is defined by a rectangular slot which is 
formed through the solid electrolyte layer 4d and which 
is closed by the adjacent upper and lower solid electro- 
lyte layers 4c, 4e. 

[0036] The solid electrolyte layer 4b has a slot which 
is closed by the adjacent upper and lower solid electro- 
lyte layers 4a, 4c, so as to provide first diffusion control 
means in the form of a first diffusion control passage 12, 
which is open at the distal end portion portion of the 
sensing element 2. This first diffusion control passage 
1 2 is formed in communication with the first internal cav- 
ity 6. In use, the sensing element 2 is positioned such 
that the distal end portion at which the first diffusion con- 
trol passage 1 2 is open is exposed to an external subject 
gas space in which there exists a subject gas including 
combustible gas components, while the proximal end 
portion to which the reference air passage 1 0 is exposed 
to the ambient atmosphere, as indicated above. In op- 
eration of the sensing element 2, therefore, the subject 
gas to be measured is introduced into the first internal 
cavity 6 through the first diffusion control passage 12 
under a predetermined diffusion resistance. 
[0037] The solid electrolyte layer 4b has another slot 
formed between the two rectangular holes correspond- 
ing to the first and second internal cavities 6, 8. This slot 
is also closed by the upper and lower solid electrolyte 
layers 4a, 4c, whereby second diffusion control means 
in the form of a second diffusion control passage 14 is 
formed in communication with the first and second in- 
ternal cavities 6, 8. The atmosphere in the first cavity 6 
is introduced into the second cavity 8 through the sec- 
ond diffusion control passage 14 under a predetermined 
diffusion resistance. 

[0038] A rectangular porous platinum (Pt) inner 
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pumping electrode 1 6 is provided in contact with an area 
of the inner surface of the solid electrolyte layer 4a which 
is exposed to and partially defines the first internal cavity 
6. Further, a rectangular porous platinum (Pt) outer 
pumping electrode 1 8 is provided in contact with an area 5 
of the outer surface of the solid electrolyte layer 4a which 
corresponds to the inner surface area on which the inner 
pumping electrode 16 is provided. These inner and out- 
er pumping electrodes 16, 18 and the solid electrolyte 
layer 4a constitute a first electrochemical oxygen pump- 10 
ing cell. In operation of this pumping cell, a predeter- 
mined voltage is applied from an external variable-volt- 
age power source 20, between the two pumping elec- 
trodes 1 6, 18 of the first electrochemical oxygen pump- 
ing cell, so as to cause a flow of an electric current in a is 
direction from the outer pumping electrode 18 to the in- 
ner pumping electrode 16, so that oxygen in the atmos- 
phere in the first internal cavity 6 is pumped into the ex- 
ternal subject gas space. In the present sensing element 
2, the porous platinum (Pt) pumping electrodes 16, 18 20 
are formed of a cermet consisting of platinum (Pt) as an 
electrode metal and zirconia Zr0 2 as a ceramic material. 
[0039] A rectangular porous platinum (Pt) measuring 
electrode 22 is provided in an area of one of the opposite 
surfaces of the solid electrolyte layer 4c which is ex- 25 
posed to the first cavity 6, while a rectangular porous 
platinum (Pt) reference electrode 24 is provided in con- 
tact with the corresponding area of the other surface of 
the solid electrolyte layer 4c which is exposed to the ref- 
erence air passage 1 0. These measuring and reference 30 
electrodes 22, 24 and the solid electrolyte layer 4c con- 
stitute first oxygen partial pressure detecting means in 
the form of a first electrochemical sensing cell. As well 
known in the art, this first electrochemical sensing cell 
4c, 22, 24 is adapted to detect the oxygen partial pres- 35 
sure of the atmosphere in the first cavity 6 on the basis 
of an output of a potentiometer 26 indicative of an elec- 
tromotive force which is inducted between the measur- 
ing and reference electrodes 22, 24 according to a dif- 
ference in oxygen concentration between the atmos- 40 
phere within the first cavity 6 and the reference air (am- 
bient atmosphere) within the reference air passage 10. 
The voltage of the variable-voltage power source source 
20 is controlled based on the oxygen partial pressure of 
the atmosphere within the first cavity 6, which is detect- 45 
ed by the potentiometer 26, so that the oxygen partial 
pressure within the first cavity 6 is maintained at a pre- 
determined value. 

[0040] A rectangular porous platinum (Pt) inner 
pumping electrode 28 is provided in contact with an area 50 
of one of the opposite surfaces of the solid electrolyte 
layer 4c which is exposed to the second internal cavity 
8. Further, a rectangular porous platinum (Pt) outer 
pumping electrode 30 is provided in contact with the cor- 
responding area of the other surface of the solid elec- 55 
trolyte layer 4c which is exposed to the reference air 
passage 10. These inner and outer pumping electrodes 
28, 30 and the solid electrolyte layer 4c constitute a sec- 



ond electrochemical oxygen pumping cell. In operation, 
a predetermined voltage is applied from an external di- 
rect-current power source 32, between the inner and 
outer pumping electrodes 28, 30, so as to cause a flow 
of an electric current in a direction from the inner pump- 
ing electrode 28 to the outer pumping electrode 30, for 
pumping out oxygen from the reference air passage 10 
into the second cavity 8, so that combustible gas com- 
ponents present in the atmosphere in the second cavity 
8 can be oxidized and burned in contact with the oxygen 
thus introduced from the reference air passage 10 into 
the second cavity 8. The electric current flowing be- 
tween the inner and outer pumping electrodes 28, 30, 
which is referred to as "pumping current", is measured 
by an ammeter 34. 

[0041] A rectangular porous platinum (Pt) measuring 
electrode 36 is provided in another area of one of the 
opposite surfaces of the solid electrolyte layer 4c which 
is exposed to the first cavity 6, while a rectangular po- 
rous platinum (Pt) reference electrode 38 is provided in 
contact with the corresponding area of the other surface 
of the solid electrolyte layer 4c which is exposed to the 
reference air passage 10. These measuring and refer- 
ence electrodes 36, 38 and the solid electrolyte layer 4c 
constitute second oxygen partial pressure detecting 
means in the form of a second electrochemical sensing 
cell. Like the first electrochemical sensing cell 4c, 22, 
24, this second electrochemical sensing cell 4c, 36, 38 
is adapted to detect the oxygen partial pressure of the 
atmosphere in the second cavity 8 on the basis of an 
output of a potentiometer 40 indicative of an electromo- 
tive force which is inducted between the measuring and 
reference electrodes 36, 38 according to a difference in 
oxygen concentration between the atmosphere within 
the second cavity 8 and the reference air within the ref- 
erence air passage 10. The oxygen partial pressure in 
the second cavity 8 is detected by this second electro- 
chemical sensing cell 4c, 36, 38 in order to assure that 
the amount of oxygen to be pumped out from the refer- 
ence air passage 1 0 into the second cavity 8 by the sec- 
ond electrochemical oxygen pumping cell 4c, 28, 30 is 
substantially equal to or larger than an amount neces- 
sary to oxidize and burn the combustible gas compo- 
nents existing in the atmosphere within the second cav- 
ity 8. The voltage of the direct-current power source 
source 32 is controlled based on the oxygen partial pres- 
sure of the atmosphere within the second cavity 8, which 
is detected by the potentiometer 40, so that the oxygen 
partial pressure (partial pressure of residual oxygen) 
within the second cavity 8 is maintained at a predeter- 
mined value. 

[0042] Within the sensing element 2, there is embed- 
ded a heater 42 sandwiched by and between the adja- 
cent upper and lower solid electrolyte layers 4e and 4f. 
This heater 42 is energized by a suitable external power 
source. For electrical insulation of the solid electrolyte 
layers 4e, 4f from the heater 42, thin electrically insulat- 
ing layers are formed of alumina or other suitable ce- 
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ramie material so as to cover the upper and lower sur- 
faces of the heater 42. As shown in Fig. 1 (b), the heater 
42 has a length sufficient to cover the entire lengths of 
the first and second internal cavities 6, 8, so that the 
spaces within these cavities 6, 8 are heated to substan- 5 
tially equal temperatures, to thereby hold the first and 
second electrochemical oxygen pumping cells (4a, 16, 
18, 4c, 28, 30) and the first and second electrochemical 
sensing cells (4c, 22, 24, 36, 38) at substantially the 
same elevated temperature. 

[0043] As indicated above, the thus constructed sens- 
ing element 2 is positioned such that the distal end por- 
tion at which the first diffusion control passage 12 is 
open is exposed to the subject gas space in which the 
subject gas to be measured exists, while the proximal 
end portion at which the reference air passage 10 is 
open is exposed to the ambient atmosphere. According- 
ly, the subject gas containing the combustible gas com- 
ponents is introduced in to the first cavity 6 through the 
first diffusion control passage 12 under the predeter- 
mined diffusion resistance. Where the subject gas is a 
combustion gas, this subject gas includes combustible 
gas components such as CO, H 2 and HC, as well as gas 
components such as N 2 , 0 2 , C0 2 and H 2 0. In operation 
of the sensing element 2, the first electrochemical oxy- 
gen pumping cell 4a, 16, 18 is operated to perform an 
oxygen pumping action by application of the predeter- 
mined voltage between the two pumping electrodes 16, 
1 8, whereby oxygen is pumped out from the first internal 
cavity 6 into the external subject gas space so that the 
oxygen concentration or partial pressure of the atmos- 
phere within the first cavity 6 is controlled to a predeter- 
mined level which is low enough to inhibit oxidization 
and burning or combustion of the combustible gas com- 
ponents within the first cavity 6. 
[0044] For maintaining the oxygen concentration or 
partial pressure in the first cavity 6 at the predetermined 
low level as explained above, the electromotive force 
induced between the measuring and reference elec- 
trodes 22, 24 of the first electrochemical sensing cell is 
measured by the potentiometer 26, according to the 
Nernst equation well known in the art, and the voltage 
(supplied from the variable-voltage power source 20) 
between the two electrodes 16, 18 of the first electro- 
chemical oxygen pumping cell is controlled to control the 
measured electromotive force to 930mV at 700°C, for 
example. In this case; the oxygen partial pressure of the 
atmosphere within the first cavity 6 is controlled to about 
10- 20 atm. At this oxygen partial pressure, oxidization 
and burning or combustion of the combustible gas com- 
ponents such as HC, CO and H 2 is substantially impos- 
sible. In essence, the voltage to be applied to the first 
electrochemical oxygen pumping cell 5a, 16, 18 is con- 
trolled so that the electromotive force between the 
pumping electrodes 16, 18 corresponds to a difference 
between the desired oxygen concentration in the first 
cavity 6 and the oxygen concentration of the reference 
air. The first diffusion control passage 12 functions to 



limit the rate of flow of the subject gas into the first cavity 
6 during operation of the first electrochemical oxygen 
pumping cell, and thereby restrict the pumping current 
flowing through the first pumping cell. 
[0045] As indicated above, the oxygen partial pres- 
sure within the first cavity 6 is maintained at a level low 
enough to inhibit the oxidization and burning or combus- 
tion of the combustible gas components in the atmos- 
phere in the first cavity 6, in the presence of the inner 
and outer pumping electrodes 16, 18, even under heat 
due to a relatively high temperature of the external sub- 
ject gas and due to heating by the heater 42. Generally, 
the oxygen partial pressure in the first cavity 6 is held at 
10- 14 atm or lower, preferably, 10 _16 atm or lower. If the 
combustible gas components in the subject gas were 
oxidized and burned within the first cavity 6, it would not 
be possible to accurately measure the combustible gas 
components within the second cavity 8. In this sense, it 
is necessary to inhibit the oxidization and burning of the 
combustible gas components within the first cavity 6, in 
the presence of components (including at least a com- 
ponent of the inner pumping electrode 16) associated 
with the oxidization and burning of the combustible gas 
components. As a result of the oxygen pumping action 
performed by the first electrochemical oxygen pumping 
cell 4a, 16, 18, 0 2 is removed from the atmosphere in 
the first cavity 6, and HC, CO and H 2 remain in the first 
cavity 6 as the combustible gas components. 
[0046] The subject gas whose oxygen partial pres- 
sure has been controlled in the first cavity 6 is introduced 
into the second cavity 8 through the second diffusion 
control passage 14 under the predetermined diffusion 
resistance. The subject gas in the second cavity 8 is 
supplied with oxygen introduced from the reference air 
passage 1 0, by an oxygen pumping action performed 
by the second electrochemical oxygen pumping cell 4c, 
28, 30 with the predetermined voltage being applied be- 
tween the inner and outer pumping electrodes 28, 30 so 
as to cause a flow of the pumping current in the direction 
for pumping oxygen from the passage 10 into the sec- 
ond cavity 8. As a result, the oxygen partial pressure in 
the second cavity 8 is controlled so as to permit the ox- 
idization and burning of the. combustible gas compo- 
nents around the inner pumping electrode 28 which also 
functions as an oxidizing catalyst for the combustible 
gas components. The pumping current flowing through 
this second electrochemical oxygen pumping cell corre- 
sponds to the amount of oxygen necessary for burning 
the combustible gas components. Therefore, the total 
concentration of the combustible gas components HC, 
CO and H 2 can be measured by measuring the pumping 
current. The total concentration of the combustible gas 
components in the second cavity 8 corresponds to the 
amount of diffusion of these components through the 
second diffusion control passage 14. Accordingly, the 
total concentration of the combustible gas components 
can be measured or determined on the basis of the 
measured total concentration within the second cavity 8. 
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[0047] Described in detail, the second electrochemi- 
cal oxygen pumping cell is operated to pump oxygen 
from the reference air passage 1 0 into the second cavity 
8, by an amount substantially equal to or larger than an 
an mount necessary for burning the combustion gas 
components. In other words, the second electrochemi- 
cal oxygen pumping cell is operated so that the partial 
pressure of oxygen remaining in the second cavity 8 is 
held at a predetermined value. The amount of oxygen 
which is pumped into the second cavity 8 can be detect- 
ed on the basis of the pumping current flowing through 
the pumping cell 4c, 28, 30. In this respect, it is noted 
that when the voltage applied between the pumping 
electrodes 28, 30 is held constant, the oxygen ion cur- 
rent flowing through the pumping cell corresponds to the 
predetermined value of the partial pressure of residual 
oxygen remaining after the burning of the combustible 
gas component. If the voltage applied between the 
pumping electrodes 28, 30 is held constant at 450mV at 
700°C, the pumping current flows through the pumping 
cell so that the residual oxygen partial pressure after the 
oxidization and burning of the combustible gas compo- 
nents in the second cavity 8 is held constant at 1 0' 10 atm. 
In the present example of Figs. 1 (a) and 1 (b), the voltage 
of the direct-current power source 32 for activating the 
second electrochemical oxygen pumping cell 4c, 28, 30 
is controlled on the basis of the electromotive force de- 
tected by the second electrochemical sensing cell 4c, 
36, 38, so that the voltage is held at a level necessary 
to hold the residual oxygen partial pressure at the pre- 
determined constant value. 

[0048] In the present sensing element 2, the oxygen 
ion conductive conductive solid electrolyte body 4 may 
be formed of suitable known material other than zirconia 
ceramics. Further, the solid electrolyte layers 4a-4f and 
the various electrodes need not be co-fired. For in- 
stance, the electrodes may be formed by baking on the 
appropriate sintered solid electrolyte layers, and the in- 
dividual sintered solid electrolyte layers some of which 
carry the electrodes are then bonded together with a 
suitable glass material. 

[0049] The electrodes 16, 18, 22, 24, 28, 30, 36 and 
38 are preferably formed of a porous cermet consisting 
of a mixture of an electrode metal (electrically conduc- 
tive material) and a ceramic material, for improved ad- 
hesion or bonding to the solid electrolyte layers (ceramic 
substrates). However, these electrodes may consist 
solely of a metallic material. Of these electrodes, the in- 
ner pumping electrode 1 6 of the first electrochemical ox- 
ygen pumping cell and the measuring electrode 22 of 
the first electrochemical sensing cell are preferably 
formed of a material which has no or only a small degree 
of function as an oxidizing catalyst. To this end, it is de- 
sirable to use Au, Ni or similar electrode material for 
those electrodes 1 6, 22. In view of the firing temperature 
of the solid electrolyte material (e.g., zirconia) in the 
neighborhood of 1400°C, however, it is desirable to use 
an alloy of such electrode material (e.g., Au, Ni) and a 



suitable noble metal having a relatively high melting 
point such as Pt, Pd and Rh. Although such noble metals 
have a comparatively high function as the oxidizing cat- 
alyst, the function can be made sufficiently small if the 

5 alloys includes at least 1 % of Au, Ni or similar electrode 
material. For instance, 1% by weight of Au is added to 
platinum (Pt), and zirconia (Zr0 2 ) is added to this alloy 
of the electrode materials such that volume ratio of (Pt 
and Au) to Zr0 2 is 60:40. In this instance, the function- 

10 ality as the oxidizing catalyst of the obtained electrode 
may be sufficiently reduced. 

[0050] On the other hand, the inner pumping elec- 
trode 28 of the second electrochemical oxygen pumping 
cell which is located within the second cavity 8 is pref- 

15 erably formed of a porous cermet using a noble metal 
such as Pt, Pd, Rh having a high degree of function as 
the oxidizing catalyst, since the combustible gas com- 
ponents in the cavity 8 need to be oxidized and burned 
by introduction of oxygen thereto by the oxygen pump- 

20 ing action of the second electrochemical oxygen pump- 
ing cell. In this case, the inner pumping electrode 28 can 
function also as an oxidizing catalyst layer for oxidizing 
the combustible gas components within the second cav- 
ity 8. However, the oxidizing catalyst layer may be pro- 

25 vided in the second cavity 8 in addition to the inner 
pumping electrode 28. In this case, the oxidizing catalyst 
layer may be a porous ceramic body which carries a suit- 
able known noble metal such as Pt, Pd, Rh as the oxi- 
dizing catalyst. 

30 [0051 ] It is desirable that the voltage to be applied be- 
tween the inner and outer pumping electrodes 28, 30 of 
the second electrochemical oxygen pumping cell for 
pumping oxygen from the reference air passage 10 into 
the second cavity 8 to oxidize and burn the combustible 

35 gas components in the atmosphere within the second 
cavity 8 be controlled so that the oxygen partial pressure 
in the second cavity 8 is as close as possible to the ox- 
ygen partial pressure of the atmosphere within the first 
cavity 6 (so that the pumping current of the second elec- 

40 trochemical oxygen pumping cell is as close as possible 
to zero when the concentration of the combustible gas 
components in the second cavity 8 is zero), in other 
words, it is desirable to control the voltage between the 
pumping electrodes 28, 30 so that the amount of oxygen 

45 to be pumped into the second cavity 8 is a minimum re- 
quired for oxidizing and burning the combustible gas 
components in the atmosphere within the second cavity 
8. Generally, the second electrochemical oxygen pump- 
ing cell is controlled to perform a pumping action so that 

50 the amount of oxygen to be pumped into the second cav- 
ity 8 by the second electrochemical oxygen pumping cell 
is almost equal to or larger than the amount necessary 
to bum the combustible gas components within the sec- 
ond cavity 8, and so that the residual oxygen partial 

55 pressure in the second cavity 8 is held constant. Gen- 
erally, it is desirable that the residual oxygen partial 
pressure is 1/1000 or lower of the total combustible gas 
components existing in the subject gas. If the residual 
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oxygen partial pressure is higher than this level, the ac- 
curacy of measurement of the concentration of the com- 
bustible gas components tends to be lowered. To im- 
prove the measurement accuracy, it is preferred to max- 
imize the oxygen partial pressure in the first cavity 6 
while preventing the oxidization and burning or combus- 
tion of the combustible gas components within the first 
cavity 6. This is preferred because the oxygen partial 
pressure in the second cavity 8 can be more easily con- 
trolled to be close to that in the first cavity 6. 
[0052] In the present sensing element 2, the prede- 
termined voltage is applied from the direct-current pow- 
er source 32 between the inner and outer pumping elec- 
trodes 28, 30 of the second electrochemical oxygen 
pumping cell, and the total concentration of the combus- 
tible gas components in the subject gas is determined 
on the basis of the output of the ammeter 34 indicative 
of the pumping current flowing through the oxygen 
pumping cell 4c, 28, 30. However, the concentration of 
the combustion gas components of the subject gas may 
be measured otherwise. For example, the measure- 
ment can be achieved by one of the following methods: 
providing a short-circuit in which the inner and outer 
pumping electrodes 30 are merely short-circuited and 
which does not includes the direct-current power source 
32) and measuring a short-circuit current flowing 
through this short-circuit; providing a suitable resistor in 
such a short-circuit and measuring a short-circuit cur- 
rent flowing through the resistor; providing a short-cir- 
cuit in which the inner and outer pumping electrodes 28, 
30 are short-circuited via a suitable resistor, and meas- 
uring a voltage across the pumping electrodes; and 
short-circuiting the pumping electrodes 28, 30 with a 
predetermined current, and measuring a voltage across 
these electrodes. 

[0053] Referring next to Figs. 2(a) and 2(b) corre- 
sponding to those of Figs. 1(a) and 1(b), there will be 
described another combustible gas component meas- 
uring apparatus, also to aid explanation of the invention. 
[0054] Unlike the sensing element 2 shown in Figs. 1 
(a) and 1(b), the sensing element 2 of the apparatus 
shown in Figs. 2(a) and 2(b) is characterized by a single 
relatively large internal space 44, which has a generally 
elongate rectangular shape as seen in Fig. 2(a), and 
which is planar as seen in Fig. 2(b). This internal space 
44 is in communication with the external subject gas 
space through the first diffusion control passage 1 2. The 
internal space 44 has a first processing zone in the form 
of a first cavity portion 6 (hereinafter referred to as "first 
cavity 6") adjacent to the first diffusion control passage 
12, and a second processing zone in the form of a sec- 
ond cavity portion 8 (hereinafter referred to as "second 
cavity 8") adjacent to the first cavity 6. The atmosphere 
flows from the first cavity 6 into the second cavity 8 under 
a predetermined diffusion resistance. Within these first 
and second cavities 6, 8, there are provided the inner 
pumping electrode 16 of the first electrochemical oxy- 
gen pumping cell, the measuring electrode 22 of the first 
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electrochemical sensing cell, and the inner pumping 
electrode 28 of the second electrochemical oxygen 
pumping cell. 

[0055] The sensing element 2 of the present sensing 

5 device is also characterized by the second electrochem- 
ical oxygen pumping cell 4c, 28, 30 provided for the sec- 
ond cavity 8 which is the inner portion of the internal 
space 44 remote from the first diffusion control passage 
12. Described more specifically, the direct-current pow- 

10 er source 32 is a constant-voltage power source adapt- 
ed to apply a constant voltage between the inner and 
outer pumping electrodes 28, 30, for the second elec- 
trochemical oxygen pumping cell 4c, 28, 30 to perform 
an intended oxygen pumping action. The voltage of the 

is constant-voltage power source 32 is determined in view 
of the oxygen concentration of the atmosphere within 
the first cavity 6, so that the pumping current flowing 
through the pumping cell 4c, 28, 30 establishes a pre- 
determined partial pressure of the residual oxygen re- 

20 maining after the burning or combustion of the combus- 
tible gas components within the second cavity 8. The 
pumping current is detected by the ammeter 34. The 
present device wherein the direct-current power source 
32 is a constant-voltage power source does not require 

25 second oxygen partial pressure detecting means (sec- 
ond electrochemical sensing cell) as required in the 
sensing device of Fig. 1 . The other portions of the sens- 
ing element 2 of this second device of Fig. 2 are identical 
with the corresponding portions of the first embodiment 

30 which have been described above in detail. 

[0056] For example, the sensing element 2 of Fig. 2 
has a width of 4.2mm, a length of 64mm and a thickness 
of 1.4mm. To produce the sensing element 2, green 
tapes corresponding to the solid electrolyte layers 4a-4f 

35 are formed using zirconia as a suitable oxygen ion con- 
ductive solid electrolyte material. The appropriate green 
tapes are subjected to punching operations to form slots 
and a hole which are precursors of the first diffusion con- 
trol passage 12, internal space 44 and reference air pas- 

40 sage 10. Then, the electrodes 16, 18, 22, 24, 28, 30 are 
formed by printing on the appropriate green tapes. In 
the present embodiment, the electrodes are formed of 
a porous cermet of Pt and Zr0 2 . The volume ratio of Pt 
to Al 2 0 3 is 60:40. The heater 42 is formed of a cermet 

45 conductor of Pt and Zr0 2 whose volume ratio is 90:1 0. 
The upper and lower surfaces of the heater 42 are cov- 
ered by films of alumina (Al 2 0 3 ) having a thickness of 
about 20(im, which are formed by printing, for electrical- 
ly insulating the zirconia solid electrolyte 4 from the heat- 

50 er 42. The heater 42 has a resistance (e.g., 7Q) deter- 
mined to maintain the temperature in the internal space 
44 at a desired temperature (e.g., 600°C) during ener- 
gization of the heater 42 with a nominal voltage of 1 2V. 
The green tapes corresponding to the solenoid electro- 

55 |yte layers 4a-4f, which have thus been subjected to the 
punching and printing operations, are laminated under 
heat and pressure, and co-fired at 1400°C so as to pro- 
vide the desired sensing element 2. 
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[0057] In operation of the sensing element 2 of Figs. 
2(a) and 2(b) to measure the concentration of the com- 
bustible gas components in the subject gas, the subject 
gas is introduced into the internal space 44 through the 
first diffusion control passage 12 while the temperature 5 
in the space 44 is maintained at 600°C by energization 
of the heater 42. The voltage of the variable-voltage 
power source 20 to be applied between the measuring 
and reference electrodes 22, 24 is feedback-controlled 
so as to be held at 900mV. As a result, oxygen in the 10 
first cavity is pumped into the external subject gas space 
by the first electrochemical oxygen pumping cell 4a, 16, 
1 8, whereby the oxygen partial pressure (concentration) 
of the atmosphere within the first cavity 6 is held at about 
10~ 23 atm. Under such temperature and oxygen partial *5 
pressure conditions, the oxidization of the combustible 
gas components HC, CO and H 2 in the subject gas in 
the first cavity 6 will not take place. 
[0058] The atmosphere (including the combustible 
gas components CO, H 2 and HC) in the first cavity 6, 20 
whose oxygen concentration has been controlled to be 
substantially zero, diffuses toward the inner portion of 
the internal space 44 and reaches the second cavity 8, 
contacting the inner pumping electrode 28. At this time, 
the oxygen partial pressure of the atmosphere in the 25 
second cavity 8 is close to zero, and the atmosphere in 
the reference air passage 1 0 in which the outer pumping 
electrode 30 is disposed is the ambient atmosphere, so 
that the electromotive force induced between the inner 
and outer pumping electrodes 28, 30 is in the neighbor- 30 
hood of 1 V, more precisely, about 900mV. Consequent- 
ly, a constant voltage of 455mV of the direct-current 
power source 32 is applied between the inner and outer 
pumping electrodes 28, 30 of the second electrochem- 
ical oxygen pumping cell, so as to cause a flow of a 35 
pumping current in a direction from the inner pumping 
electrode 28 as the positive electrode toward the outer 
pumping electrode 30. 

[0059] The voltage of the direct-current power source 
32 is determined to be a sum of a voltage Vs (= 450mV) *o 
corresponding to the predetermined or desired residual 
oxygen partial pressure in the atmosphere in the second 
cavity 8, and a voltage drop Vd (5mV) due to the pump- 
ing current and a pump impedance of the second elec- 
trochemical oxygen pumping cell. Namely, the voltage 45 
of the power source 32 is determined to be (Vs + Vd) = 
455m V. The voltage drop Vd, which varies with the 
pumping current, is a few or several mV at the most, and 
may be ignored, since the pumping current is on the or- 
der of \iA and the pump impedance is about 100O. so 
[0060] As a result of the oxygen pumping action of the 
second electrochemical oxygen pumping cell energized 
with the predetermined voltage of 455mV supplied from 
the constant-voltage direct-current power source 32, ox- 
ygen is pumped from the reference air in the reference 55 
air passage 10 into the atmosphere in the second cavity 
8, whereby the combustible gas components in the at- 
mosphere in the second cavity 8 are oxidized and 
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burned. The partial pressure of the residual oxygen re- 
maining in the second cavity 8 after the burning of the 
combustible gas components is about 10* 12 atm at 
600°C where the energization voltage of the second 
electrochemical oxygen pumping cell is 450mV. In other 
words, the voltage supplied from the power source 32 
to the pumping cell is determined so that the residual 
oxygen partial pressure in the second cavity 8 is equal 
to 10 _12 atm. The pumping current of the pumping cell is 
measured by the ammeter 34. The amount of oxygen 
necessary for burning the combustible gas components 
in the second cavity 8, that is, the pumping current in- 
duced by the direct-current power source 32 is propor- 
tional to the concentration of the combustible gas com- 
ponents in the atmosphere within the second cavity 8. 
Therefore, the concentration of the combustible gas 
components in the subject gas can be determined by 
measuring the pumping current. 
[0061] The graph of Fig. 3 indicates changes of the 
pumping current between the inner and outer pumping 
electrodes 28, 30 of the second electrochemical oxygen 
pumping cell, in relation to the concentration of a com- 
bustible gas component C 3 H 8 (hydrocarbon), CO or H 2 
included in specimen gas (including N 2 as carrier gas, 
and 7% of H 2 0), when the pumping current was meas- 
ured in the apparatus provided with the sensing element 
2 as shown in Figs. 1 and 2, by changing the concen- 
tration of each combustible gas component from 0 to 
5000ppm in increments of 1 0OOppm. Namely, the graph 
shows the relationships between the measured pump- 
ing current and the actual concentrations of the com- 
bustible gas components included in the specimen gas- 
es. 

[0062] It will be understood from the graph of Fig. 3 
that the detecting sensitivity (pumping current/combus- 
tible gas concentration) of the sensing element 2 with 
respect to C 3 H 8 as one of the hydrocarbon (HC) com- 
bustibles was as high as about 1 0 times that with respect 
to the other combustibles CO and H 2 . This shows that 
the present sensing element 2 is particularly effective to 
measure the hydrocarbon combustibles with high accu- 
racy. Generally, combustion gases such as automobile 
combustion gases have a considerably large number of 
hydrocarbon (HC) combustibles whose number of car- 
bon atoms is larger than that of C 3 H 8 in the example of 
Fig. 3. In the light of this fact, the sensing element 2 is 
practically more sensitive to the hydrocarbons included 
in combustion gases that are actually produced in vari- 
ous industries. 

[0063] Referring to Fig. 4, there is shown a sensing 
element of a combustible gas component measuring ap- 
paratus, which is different from the sensing element 2 
of Figs. 2(a) and 2(b), in connection with the first diffu- 
sion control passage 12 and heater 42. This is also de- 
scribed to aid explanation of the invention. 
[0064] In the sensing element 2 of Fig. 4, the first dif- 
fusion control passage 12 is filled with a selective oxi- 
dizing catalyst 46 which is a porous alumina containing 
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cerium oxide (Ce0 2 ). The external subject gas is intro- 
duced into the internal space 44 through the selective 
oxidizing catalyst 46. The selective oxidizing catalyst 46 
has a function of selectively oxidizing and burning H 2 
and CO, which are included as the combustible gas 5 
components in the subject gas. That is, the selective ox- 
idizing catalyst 46 has substantially no catalytic function 
of oxidizing the hydrocarbon (HC) combustibles includ- 
ed in the subject gas. Further, the heater 42 provided in 
the sensing element of Fig. 4 is located so as to effec- w 
tively heat only the inner portion or second cavity 8 of 
the internal space 44, and does not extend to cover the 
selective oxidizing catalyst 46, so that the oxidizing cat- 
alyst 46 provided near the distal end of the sensing el- 
ement 2 remote from the space 44 is held at a relatively *5 
low temperature. For instance, the heater 42 in the 
present embodiment is designed and located so that the 
selective oxidizing catalyst 46 is held at 350°C while the 
inner pumping electrode 28 is held at 600°C. Under this 
temperature distribution, the selective oxidizing catalyst 20 
46 is placed in a better condition for selective oxidization 
of the combustible gas components, that is, the catalyst 
46 is more likely to burn CO and H 2 and less likely to 
burn HC. For selective oxidization of CO and H 2 , the 
upper limit of the temperature of the catalyst 46 is gen- 25 
erally 600°C, preferably, 500°C. 
[0065] In the sensing element 2 of Fig. 4 in which the 
selective oxidizing catalyst 46 is disposed upstream of 
the first cavity 6 as seen in the direction of flow of the 
subject gas from the external subject gas space into the 30 
first cavity 6, HC and CO included in the subject gas are 
selectively oxidized during introduction of the subject 
gas through the selective oxidizing catalyst 46. Gener- 
ally, CO and H 2 are more combustible than HC, and 
there is a large difference in combustibility between CO, 35 
H 2 and HC at a temperature of about 300-500°C. Since 
the temperature of the first diffusion control passage 12 
during energization of the heater 42 is about 350°C, the 
selective oxidizing catalyst 46 provided in the diffusion 
control passage 1 2 is more likely to burn CO and H 2 and *o 
less likely to burn HC. Further, the porous alumina con- 
taining Ce0 2 used for the selective oxidizing catalyst 46 
enables the catalyst 46 to have a high catalytic function 
of selectively oxidizing CO and H 2 . In particular, Ce0 2 
has a comparatively high efficiency of oxidization of CO *5 
and H 2 , and a comparatively low efficiency of oxidization 
of HC. The temperature of the catalyst 46 and the use 
of Ce0 2 for the catalyst 46 have a synergistic effect to 
efficiently remove CO and H 2 from the subject gas while 
minimizing the oxidization of HC, before the subject gas 50 
is introduced into the internal space 44. In this space 44, 
the oxygen partial pressure of the introduced subject 
gas is first controlled by an oxygen pumping action of 
the first electrochemical oxygen pumping cell, to a pre- 
determined low level at which hydrocarbons (HC) as 55 
combustible gas components cannot be substantially 
burned. Then, the hydrocarbons are oxidized and 
burned in the inner portion of the space 44, namely, in 



the second cavity 8, in the presence of oxygen intro- 
duced therein by an oxygen pumping action of the sec- 
ond electrochemical oxygen pumping cell. The concen- 
tration of the hydrocarbons in the subject gas can be 
selectively determined by measuring or determining the 
amount of oxygen necessary for burning the hydrocar- 
bons, that is, by measuring the pumping current be- 
tween the inner and outer pumping electrodes 28, 30 of 
the second electrochemical oxygen pumping cell. 
[0066] As explained above, it is desirable to use po- 
rous alumina containing Ce0 2 as the selective oxidizing 
catalyst 46 for selectively oxidizing CO and H 2 of the 
combustible gas components in the subject gas, since 
it exhibits a high catalytic function to oxidize CO and H 2 
and a low catalytic function to oxidize HC, and also func- 
tions as a catalyst for converting aqueous gases. How- 
ever, other materials may be used as the selective oxi- 
dizing catalyst 46. For example, it is possible to use a 
porous body containing Au or Sn0 2 in place of Ce0 2 , 
which is highly capable of selectively oxidizing CO and 
H 2 . Since porous ceramics generally have a catalytic 
function for oxidization, the selective oxidizing catalyst 
46 may be formed of a porous body consisting solely of 
a ceramic material such as alumina. It is also noted that 
the sensing element 2 may be designed or conditioned 
to relatively easily oxidize CO and H 2 while inhibiting the 
oxidization of HC, without using the selective oxidizing 
catalyst 46. This condition may be established by suit- 
ably selecting the material of the inner pumping elec- 
trode 1 6 in the internal space 44, and the oxygen partial 
pressure and temperature of the sensing element 2. 
While the catalyst 46 fills the entirety of the first diffusion 
control passage 1 2 in the embodiment of Fig. 4, the po- 
sition and size of the catalyst 46 may be suitably select- 
ed. For instance, the catalyst 46 may be disposed at an 
inlet portion of the first diffusion control passage 12 ad- 
jacent to the distal end face of the sensing element 2. A 
selective oxidizing catalyst capable of oxidizing and 
burning CO and H 2 may be disposed within the internal 
space 44, provided the catalyst will not burn a desired 
combustible gas component (e.g., HC) to be measured. 
[0067] Referring next to Figs. 5(a) and 5(b) corre- 
sponding to Figs. 1 (a) and 1 (b), there are shown a sens- 
ing element of a combustible gas component measuring 
apparatus constructed according to a first embodiment 
of this invention. 

[0068] Unlike the sensing elements 2 described 
above, the sensing element 2 of Figs. 5(a) and 5(b) in- 
cludes a proton ion conductive solid electrolyte layer 4g 
in place of the oxygen ion conductive solid electrolyte 
layer 4a. The proton ion conductive solid electrolyte lay- 
er 4g consists of SrCe0 3 , and is superposed on the ox- 
ygen ion conductive solid electrolyte layers 4b-4f, to 
form the integral sensing element 2. An inner proton 
pumping electrode 48 is provided on an area of an inner 
surface of the proton ion conductive solid electrolyte lay- 
er 4g which is exposed to and partially defines the sec- 
ond cavity 8. On the corresponding area of the outer sur- 
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face of the proton ion conductive solid electrolyte layer 
4g, there is provided an outer proton pumping electrode 
50 in aligned relationship with the inner proton pumping 
electrode 48. These two proton pumping electrodes 48, 
50 are connected to a proton pumping power source (di- 5 
rect current) 52, so that proton (H 2 ) existing in the at- 
mosphere within the second cavity 8 is pumped out into 
the subject gas space. In the present embodiment, the 
proton ion conductive solid electrolyte layer 4g and the 
inner and outer proton pumping electrodes 48, 50 con- 10 
stitute a proton pump. In the present sensing element 
2, all electrodes 18, 22, 24, 28, 30, 48, 50 except the 
inner pumping electrode 16 of the first electrochemical 
oxygen pumping cell are formed of the same material. 
Described more specifically, the inner pumping elec- 15 
trode 1 6 is formed of a porous cermet consisting of a Pt- 
Au alloy (including 1% by weight of Au) and Zr0 2 , 
wherein the volume ratio of (Pt and Au) to Zr0 2 is 60: 
40. The other electrodes 18, 22, 24, 28, 30 including the 
two proton pumping electrodes 48, 50 are all formed of 20 
a porous cermet consisting of Pt and Zr0 2 wherein the 
volume ratio of Pt to Zr0 2 is 60:40, as in the second 
embodiment of Figs. 2(a) and 2(b). Further, the inner 
and outer pumping electrodes 16, 18 of the first electro- 
chemical oxygen pumping cell are provided on the op- 25 
posite surfaces of the oxygen ion conductive solid elec- 
trolyte layer 4c such that the outer pumping electrode 
18 is exposed to the reference air passage 10. Thus, 
the first electrochemical oxygen pumping cell is consti- 
tuted by the solid electrolyte layer 4c and the two pump- 30 
ing electrodes 16, 18. 

[0069] In operation of the sensing element 2 of the 
present embodiment of Figs. 5(a) and 5(b), the heater 
42 is energized to maintain the temperature of the sens- 
ing element 2 at 700°C. Under this heating condition, 35 
the subject gas is introduced in to the first cavity 6 
through the first diffusion control passage 12. The volt- 
age of the variable-voltage power source 20 is feed- 
back-controlled so that the voltage between the meas- 
uring and reference electrodes 22, 24 of the first elec- *o 
trochemical sensing cell (first oxygen partial pressure 
detecting means) is held constant at 88mV. Accordingly, 
the oxygen pumping action of the first electrochemical 
oxygen pumping cell 4c, 16, 18 is controlled so that ox- 
ygen in the subject gas introduced into the first cavity 6 45 
is pumped into the reference air passage 10, whereby 
the oxygen concentration or partial pressure of the at- 
mosphere within the first cavity 6 is held at a predeter- 
mined low level, about 10' 19 atm in this example, at 
which the combustible gas components cannot be sub- 50 
stantially burned. In such temperature and oxygen par- 
tial pressure condition, oxidization of HC, CO and H 2 is 
unlikely to occur in the first cavity 6, and these combus- 
tible gas components remain in the atmosphere within 
the first cavity 6. 55 
[0070] The atmosphere whose oxygen partial pres- 
sure has been controlled to the predetermined level in 
the first cavity 6 without oxidization of the combustible 



gas components is introduced into the second cavity 8 
through the second diffusion control passage 14. In the 
second cavity 8, the atmosphere is initially subjected to 
a proton pumping action of the proton pump 4g, 48, 50, 
so that proton (H 2 ) in the atmosphere is pumped out of 
the second cavity 8. 

[0071] In operation of the proton pump, a voltage of 
900mV is applied from the proton pumping power 
source 52 between the two electrodes 48, 50. As a result 
of pumping of H 2 by the proton pump 4g, 48, 50, the 
amount of H 2 in the right member of a reaction formula 
CO + H 2 0 <-> C0 2 + H 2 is reduced toward zero, and the 
chemical equilibrium is lost, whereby the reaction 
progresses in the right direction as seen in the formula. 
Further, H 2 produced by the reaction is also immediately 
pumped out by the proton pumping action of the proton 
pump, so that the rightward reaction in the above for- 
mula is continued. The proton pump exhibits a current- 
limiting characteristic at the pumping current larger than 
a value corresponding to the amount of CO which dif- 
fuses into the second cavity 8 through the second diffu- 
sion control passage 14, so that the partial pressure of 
H 2 , and consequently the partial pressure of CO, within 
the second cavity 8 is made close to zero. 
[0072] Thus, the oxygen partial pressure of the at- 
mosphere is first substantially zeroed in the first cavity 
6, and then the concentrations of CO and H 2 in the at- 
mosphere are then substantially zeroed in a portion of 
the second cavity 8 corresponding to the proton pump 
4g, 48, 50, but with HC still remaining as the combustible 
gas components. The atmosphere is then directed to a 
portion of the second cavity 8 corresponding to the sec- 
ond electrochemical oxygen pumping cell 4c, 28, 30. 
Since the oxygen partial pressure around the inner 
pumping electrode 28 is substantially zero while the at- 
mosphere in the reference air passage 1 0 is the ambient 
atmosphere, the electromotive force inducted between, 
the inner and outer pumping electrodes 28, 30 is almost 
equal to 1 V (about 880mV). In this condition, therefore, 
a predetermined voltage (455mV in this example) of the 
direct-current power source 32 is applied between the 
inner and outer pumping electrodes 28, 30, so as to 
cause a flow of pumping current in a direction from the 
inner pumping electrode 28 toward the outer pumping 
electrode 30. The voltage of the power source 32 is de- 
termined to be a sum of a voltage Vs (= 450mV) corre- 
sponding to the predetermined or desired residua! oxy- 
gen partial pressure in the atmosphere in the second 
cavity 8, and a voltage drop Vd (5mV) due to the pump- 
ing current and a pump impedance of the second elec- 
trochemical oxygen pumping cell. Namely, the voltage 
of the power source 32 is determined to be (Vs + Vd) = 
455m V. The voltage drop Vd, which varies with the 
pumping current, is a few or several mV at the most, and 
may be ignored, since the pumping current is on the or- 
der of uA and the pump impedance is about 50O. 
[0073] As a result of the oxygen pumping action of the 
second electrochemical oxygen pumping cell energized 
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with the predetermined voltage of 455mV supplied from 
the constant-voltage direct-current power source 32, ox- 
ygen is pumped from the reference air in the reference 
air passage 10 into the atmosphere in the second cavity 
8, whereby the combustible gas components (HC) in the 5 
atmosphere in the second cavity 8 react with the intro- 
duced oxygen and are oxidized. The partial pressure of 
the residual oxygen remaining in the second cavity 8 af- 
ter the oxidizing reaction is about 10' 10 atm. In other 
words, the pumping current flows through the second 
electrochemical oxygen pumping cell 4c, 28, 30 so that 
the residual oxygen partial pressure in the second cavity 
8 is equal to 10 _10 atm. This pumping current is meas- 
ured by the ammeter 34. The amount of oxygen neces- 
sary for burning HC as the combustible gas components 
in the second cavity 8, that is, the pumping current in- 
duced by the direct-current power source 32 is propor- 
tional to the HC concentration of the atmosphere within 
the second cavity 8. Therefore, the HC concentration of 
the subject gas can be determined by measuring the 
pumping current. 

[0074] The graph of Fig. 6 indicates a change of the 
pumping current between the inner and outer pumping 
electrodes 28, 30 of the second electrochemical oxygen 
pumping cell, in relation to the HC concentration of spec- 
imen gas, when the pumping current was measured by 
an apparatus including the sensing element 2 of Figs. 5 
(a) and 5(b), by changing the HC concentration from 0 
to 5000ppm in increments of 1000ppm. Namely, the 
graph shows the relationships between the pumping 
current measured by the ammeter 34 and the actual 
concentration of HC included in the specimen gases. 
Each specimen gas used included IM 2 as a carrier gas, 
had H 2 concentration of 5%, and included C 3 H 8 or C 3 H 6 
as hydrocarbon. 

[0075] It will be understood from the graph of Fig. 6 
that the pumping current values measured for the spec- 
imen gases including C 3 H 8 are slightly higher than those 
for the specimen gases including C 3 H 6 . That is, it ap- 
pears that the detecting sensitivity of the sensing ele- 
ment 2 with respect to C 3 H 8 was slightly higher than the 
sensitivity with respect to C 3 H 6 . This is supposed to be 
attributable to decomposition of C 3 H 8 -» C 3 H 6 + H 2 , 
which is considered to take place simultaneously with 
the pumping of H 2 . It is also noted that the decomposi- 
tion of hydrocarbon C n H 2n is relatively difficult. This dif- 
ficulty may be considered to cause the sensing element 
2 to have substantially similar detecting sensitivity to 
C 3 H 8 and C 3 H 6 . Thus, it is found that the sensitivity of 
the sensing element 2 is generally proportional to the 
number of carbon atoms of HC. The graph of Fig. 6 in- 
dicates the pumping current of about 10uA when the HC 
concentration is Oppm. This pumping current corre- 
sponds to the concentration of the residual H 2 and CO, 
and is always constant, having no influence on the 
measurement of the HC concentration by the sensing 
element 2. 

[0076] The graphs of Figs. 7 and 8 indicate changes 



of the pumping current in relation to the CO and H 2 con- 
centrations of specimen gas. The specimen gas includ- 
ed N 2 as a carrier gas, H 2 0 concentration of 5%, and 
2000ppm of C 3 H 8 . The pumping current was measured 
by changing the concentration of CO or H 2 as an inter- 
fering gas from 0 to 5000ppm in increments of 1 0OOppm. 
The relationship between the measured pumping cur- 
rent and the CO concentration was . indicated in the 
graph of Fig. 7, and the relationship between the meas- 
ured pumping current and the H 2 concentration is indi- 
cated in the graph of Fig. 8. 

[0077] It will be understood from the graphs of Figs. 
7 and 8 that the combustible gas components CO and 
H 2 included in the subject gas together with HC will not 
have an influence on the output of the sensing element 
2 as representing the HC concentration. 
[0078] Thus, the sensing element 2 according to the 
embodiment of Figs. 5(a) and 5(b) is capable of accu- 
rately detecting the HC concentration of the subject gas, 
without an influence of the other combustible gas com- 
ponents, on the basis of the amount of oxygen neces- 
sary to bum the hydrocarbon (HC). 
[0079] Referring to Fig. 9 corresponding to Fig. 5(b), 
there is shown a sensing element of a combustible gas 
component measuring apparatus according to a second 
embodiment of this invention. Unlike the sensing ele- 
ment 2 of the embodiment of Figs. 5, the sensing ele- 
ment of this second embodiment includes a diffusion 
control layer 54 consisting of porous alumina, which 
constitutes a major part of second diffusion control 
means. This diffusion control layer 54 is formed so as 
to cover the inner pumping electrode 28 of the second 
electrochemical oxygen pumping cell. The sensing ele- 
ment of fig. 9 also includes an aqueous gas converting 
catalyst layer 56 consisting of Cr 2 0 3 -Fe 3 0 4 . This aque- 
ous gas converting catalyst layer 56 is formed so as to 
cover the inner proton pumping electrode 48 of the pro- 
ton pump 4g, 48, 50. 

[0080] In the sensing element 2 of this embodiment, 
the aqueous gas converting catalyst layer 56 formed on 
the inner proton pumping electrode 48 promotes or fa- 
cilitates conversion of CO in the atmosphere in the sec- 
ond cavity 8 with formation of H 2 , and is therefore effec- 
tive to remove CO from the atmosphere. Thus, the pro- 
vision of the catalyst layer 58 permits reduction of the 
residual CO concentration of the atmosphere, so that 
the pumping current when the HC concentration is zero 
can be made close to zero. In addition, the diffusion con- 
trol layer 54 of porous alumina formed by printing on the 
inner pumping electrode 28 provides a major portion of 
the second diffusion control means. The sensing ele- 
ment 2 employing this second diffusion control means 
is simpler in construction. Further, the alumina of the dif- 
fusion control layer 54 is effective to burn HC in the at- 
mosphere, contributing to an improvement in the accu- 
racy of measurement of the sensing element 2. The 
present sensing element 2 is capable of burning HC 
while the oxygen concentration of the atmosphere in the 
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second cavity 8 (portion of the inner space 44 remote 
from the distal end of the sensing element 2) is held rel- 
atively low. Accordingly, the amount of oxygen which dif- 
fuses from the second cavity 8 into the first cavity 6 is 
reduced, and the stability of the oxygen concentration 
of the atmosphere in the first cavity 6 is advantageously 
improved. Further, the present arrangement makes it 
possible to reduce the dimensions of the internal space 
44 and the surface area to be heated by the heater 42, 
leading to reduced power consumption by the heater42. 
[0081] There will be described third and fourth em- 
bodiments of this invention by reference to Figs. 10 and 
11. Unlike the embodiment of Fig. 9, the embodiment 
shown in Fig. 10 is characterized in that the proton pump 
4g, 48, 50 is located at one end of the internal space 44 
adjacent to the first diffusion control passage 12. This 
arrangement not only makes it possible to further reduce 
the longitudinal dimension of the internal space 44, lead- 
ing to further reduction of the power consumption by the 
heater 42, but also assures a higher response of the 
sensing element 2 to a change in the concentration of 
the combustible gas component of interest of the subject 
gas. The embodiment of Fig. 11 is different from the fifth 
embodiment of Fig. 9, in that a pin hole 58 is formed 
through the proton ion conductive solid electrolyte layer 
4g, as the first diffusion control means, in place of the 
first diffusion control passage 12. The pin hole 58 as the 
first diffusion control means is advantageous over the 
passage 12, in that the diameter of the pin hole 58 can 
be changed even after the firing of the layer 4g, by a 
drilling operation, for example, for adjusting the diffusion 
resistance to the nominal value, or reducing a deviation 
of the diffusion resistance from the nominal value. 
[0082] Like the first and second electrochemical oxy- 
gen pumping cells, the proton pump provided in the em- 
bodiments of figs. 5 and 9-11 is preferably operated at 
a temperature as high as possible. In this sense, it is 
desirable to position the oxygen and proton pumps at a 
portion of the sensing element 2 which is held at a rel- 
atively high temperature. Generally, the temperature of 
the portion heated by the heater 42 is suitably deter- 
mined depending upon the current flowing through the 
pump circuit. It is also noted that if the voltages to be 
applied to the proton pump and the oxygen pumps are 
too high, H 2 0 in the atmosphere tends to be undesirably 
decomposed. To prevent this decomposition, too, it is 
desirable to control the heater 42 to maintain the sens- 
ing element 2 at the relatively high operating tempera- 
ture described above, and lower the impedance of the 
proton and oxygen pumps, for thereby lowering the volt- 
ages to be applied to the proton and oxygen pumps. 
[0083] It is preferable to provide current detecting 
means such as an ammeter in a closed circuit which in- 
cludes the inner and outer proton pumping electrodes 
48, 50 and proton pumping power source 52. The proton 
pumping current detected is proportional to a sum of the 
CO concentration and the H 2 concentration of the sub- 
ject gas. Therefore, the total concentration of the CO 
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and H 2 can be measured simultaneously with the HC 
concentration. 

[0084] The proton ion conductive solid electrolyte lay- 
er 4g may be formed of a suitable known material such 

5 as LaY0 3 , other than SrCe0 3 used in the illustrated em- 
bodiments. The aqueous gas converting catalyst layer 
56 may be formed of a suitable known material such as 
Fe 3 0 4 , other than Cr 2 03-Fe 3 04 used in the illustrated 
embodiments. The aqueous gas converting catalyst lay- 

io er 56 may consist of a porous ceramic body such as a 
porous alumina body which contains such a catalyst ma- 
terial as indicated above. The catalyst layer 56 need not 
be formed on the inner proton pumping electrode 48, 
but may be disposed at any other suitable position, for 

15 example, adjacent to the diffusion control means, be- 
tween the electrode 48 and the diffusion control means, 
on an area of the surface of the oxygen ion conductive 
solid electrolyte layer 4c which is opposed to the elec- 
trode 48, or on any other surface area defining the in- 

20 ternal space 44 (first or second cavity 6, 8). To promote 
the catalytic reaction of the aqueous gas converting cat- 
alyst layer 56, it is generally desirable to locate the layer 
56 at a portion whose temperature does not exceed 
600°C, preferably, 500°C. 

25 [0085] The sensing element used for the combustible 
gas component measuring apparatus of the present in- 
vention may use a constant-voltage power source 60 for 
applying a predetermined constant voltage (e.g., 
900mV) to the first electrochemical oxygen pumping 

30 cell, as in a fifth embodiment of the invention illustrated 
in Fig. 12. Unlike the preceding embodiments, the 
present embodiment of Fig. 1 2 is adapted such that the 
voltage to be applied between the inner and outer pump- 
ing electrodes 16, 18 is not feedback-controlled on the 

35 basis of the output of the first oxygen partial pressure 
detecting means or first electrochemical sensing cell, 
but is held constant. 

[0086] Since it is essential that the oxygen concentra- 
tion or partial pressure of the atmosphere within the first 

40 cavity 6 be controlled to a value so as to inhibit the burn- 
ing or combustion of the combustible gas components, 
the voltage to be applied to the two electrodes 1 6, 18 of 
the first electrochemical oxygen pumping cell may be 
held constant (for example, at 900mV). In this respect, 

45 it is noted that the actual voltage between the electrodes 
16,18 will drop from the nominal voltage of the constant- 
voltage power source 60 by an amount a which depends 
upon an amount of change of the impedance due to a 
change in the temperature of the sensing element 2. 

50 Therefore, the nominal voltage minus the voltage drop 
a should be equal to or higher than a desired value cor- 
responding to the oxygen concentration of the atmos- 
phere which is desired to be established in the first cavity 
6. In other words, the voltage to be applied between the 

55 electrodes 16,18 should be determined so that the ox- 
ygen concentration in the first cavity 6 is not higher than 
a predetermined upper limit at which the combustible 
gas components cannot be burned. 
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[0087] The sensors described with reference to the 
drawings may be embodied with various changes, mod- 
ifications and improvements, which are mentioned be- 
low. 

[0088] In the sensing element 2 of Figs. 2(a) and 2(b), 
for example, the internal space 44 is in communication 
with the external subject gas space through the first dif- 
fusion control means 12. However, the space 44 may 
directly communicate with the external subject gas 
space at the distal end of the sensing element 2. That 
is, the first diffusion means 1 2 may have the same width 
dimension as the space 44. For improved stability of the 
atmosphere in the space 44 or for facilitating the control 
of the atmosphere in the space 44, it is desirable that 
the cross sectional area of the first diffusion control pas- 
sage 12 in a plane perpendicular to the length and the 
top surface of the sensing element 2 be smaller than 
that of the space 44. In the sensors of Figs. 1 and 5, the 
second diffusion control passage 14 is provided as the 
second diffusion control means for restricted communi- 
cation between the first and second cavities 6, 8 under 
a predetermined diffusion resistance. The provision of 
this second diffusion control passage 14 is desirable in 
order to provide a diffusion resistance for restricting the 
diffusion flow of oxygen between the first and second 
cavities 6, 8. If the oxygen which has been once pumped 
into the second cavity 8 by the second electrochemical 
oxygen pumping cell was discharged into the external 
subject gas space by the oxygen pumping action of the 
first electrochemical oxygen pumping cell in the first cav- 
ity 6, the discharged amount of oxygen would cause a 
corresponding amount of detecting error of the appara- 
tus. To prevent the oxygen flow from the second cavity 
8 toward the first cavity 6, it is desirable to provide a 
suitable throttling or diffusion restricting passage be- 
tween these two cavities 6, 8. 

[0089] The diffusion coefficient of the second diffusion 
control means (14) may be made smaller than that of 
the first diffusion control means (12). In this case, a var- 
iation in the pumping current of the second electrochem- 
ical oxygen pumping cell due to plugging of the first dif- 
fusion control means (12) can be reduced. The first dif- 
fusion control means (12) may be plugged by solid sub- 
stances included in a combustion gas as the subject 
gas. 

[0090] The sensing element 2 may be constructed 
with various other modifications which may occur to 
those skilled in the art. For instance, a single electrode 
may be provided in the reference air passage 10, to 
achieve the functions of the reference electrode 24 and 
the outer pumping electrode 18 or 30. 



Claims 

1 . A method of measuring a combustible gas compo- 
nent of a subject gas, comprising the steps of: 



introducing said subject gas into a first process- 
ing zone (6, 44) under a predetermined diffu- 
sion resistance; 

energizing a first electrochemical oxygen 

5 pumping cell (4a, 1 6, 1 8) to perform an oxygen 

pumping action for pumping oxygen out of said 
first processing zone to thereby control an ox- 
ygen partial pressure of an atmosphere within 
said first processing zone to a predetermined 

10 value at which said combustible gas compo- 

nent cannot be substantially burned; 
introducing the atmosphere from said first 
processing zone into a second processing zone 
(8, 44) under a predetermined diffusion resist- 

15 ance; 

energizing a second electrochemical oxygen 
pumping cell (4c, 28, 30) to perform an oxygen 
pumping action for pumping oxygen into said 
second processing zone to thereby burn said 

20 combustible gas component present in an at- 

mosphere within said second processing zone; 
and 

detecting one of a pumping current flowing 
through said second electrochemical oxygen 

25 pumping cell and a voltage between electrodes 

(28, 30) of said second electrochemical oxygen 
pumping cell during energization of said sec- 
ond electrochemical oxygen pumping cell, and 
obtaining an amount of said combustible gas 

30 component in said subject gas, on the basis of 

the detected pumping current or voltage; 

characterized in that said subject gas includes hy- 
drogen and hydrocarbon as combustible gas com- 

35 ponents, said method further comprising a step of 
energizing a proton pump (4g, 48, 50) to perform a 
proton pumping action for pumping hydrogen out of 
said first or said second processing zone, and 
wherein said step of obtaining an amount of said 

40 combustible gas component comprises determin- 
ing a concentration of said hydrocarbon in said sub- 
ject gas, on the basis of said detected pumping cur- 
rent or voltage of said electrochemical oxygen 
pumping cell. 

45 

2. A method according to claim 1 , further comprising 
a step of detecting said oxygen partial pressure of 
said atmosphere within said first processing zone, 
and wherein said step of energizing said first elec- 

50 trochemica! oxygen pumping cell comprises con- 
trolling a voltage of a variable-voltage power source 
(20) to be applied to electrodes (16, 18) of said first 
electrochemical oxygen pumping cell, on the basis 
of the detected oxygen partial pressure within said 

55 first processing zone, such that said detected oxy- 
gen partial pressure within said first processing 
zone is held at said predetermined value. 
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A method according to claim 1 or 2, wherein said 
oxygen partial pressure of the atmosphere within 
said first processing zone (6, 44) is held at 1 0" 14 atm 
or lower. 

5 

A method according to any one of claims 1-3, 
wherein said step of energizing said second elec- 
trochemical oxygen pumping cell comprises per- 
forming said oxygen pumping action such that an 
amount of oxygen to be pumped into said second 10 
processing zone (8, 44) is not smaller than an 
amount which is substantially necessary to burn 
said combustible gas component, and such that a 
partial pressure of residual oxygen remaining in 
said second processing zone after burning of said 1$ 
combustible gas component is held at a predeter- 
mined value. 

An apparatus for measuring a combustible gas 
component of a subject gas, comprising: 20 

a first processing zone (6, 44) communicating 
with an external subject gas space in which said 
subject gas exists; 

first diffusion control means (12, 58) for intro- 25 
ducing said subject gas from said external sub- 
ject gas space into said first processing zone 
under a predetermined diffusion resistance; 
a first electrochemical oxygen pumping cell (4a, 
16, 18) including a first oxygen ion conductive 30 
solid electrolyte layer (4a, 4c) which partially 
defines said first processing zone, and a first 
pair of electrodes (16, 18) which are disposed 
in contact with said first oxygen ion conductive 
solid electrolyte layer and one of which is ex- 35 
posed to said first processing zone, said first 
electrochemical oxygen pumping cell being en- 
ergized to perform an oxygen pumping action 
for pumping oxygen out of said first processing 
zone to thereby control an oxygen partial pres- *o 
sure of an atmosphere within said first process- 
ing zone to a predetermined value at which said 
combustible gas component cannot be sub- 
stantially burned; 

a second processing zone (8, 44) communicat- 45 
ing with said first processing zone; 
second diffusion control means (14, 54) for in- 
troducing the atmosphere from said first 
processing zone into said second processing 
zone under a predetermined diffusion resist- 50 
ance; 

a second electrochemical oxygen pumping cell 
(4c, 28, 30) including a second oxygen ion con- 
ductive solid electrolyte layer (4c) which partial- 
ly defines said second processing zone, and a 55 
second pair of electrodes which are disposed 
in said second oxygen ion conductive solid 
electrolyte layer and one of which is exposed 



to said second processing zone, said second 
electrochemical oxygen pumping cell being en- 
ergized to perform an oxygen pumping action 
for pumping oxygen into said second process- 
ing zone to thereby burn said combustible gas 
component present in an atmosphere within 
said second processing zone; and 
detecting means (34) for detecting one of a 
pumping current flowing through said second 
electrochemical oxygen pumping ceil and a 
voltage between said second pair of elec- 
trodes, during energization of said second elec- 
trochemical oxygen pumping cell; 

characterized by a proton pump (4g, 48, 50) in- 
cluding a proton ion conductive solid electrolyte lay- 
er (4g) which partially defines one of said first and 
second processing zones (6, 8, 44), and a pair of 
proton pumping electrodes (48, 50) which are dis- 
posed in contact with said proton ion conductive sol- 
id electrolyte layer and one of which is exposed to 
said one of said first and second processing zones, 
said proton pump being energized to perform a pro- 
ton pumping action for pumping hydrogen out of 
said one of said first and second processing zones. 

6. An apparatus according to claim 5, wherein said 
first and second processing zones (6, 8, 44), said 
first and second diffusion control means (12, 58, 14, 
54) and said first and second electrochemical oxy- 
gen pumping cells (4a, 4c, 16, 18, 28, 30) are inte- 
grally provided in a sensing element (2) which in- 
cludes said first and second oxygen ion conductive 
solid electrolyte layers (4a, 4c) as an integral part 
thereof, said sensing element having a single gen- 
erally elongate internal space (44) communicating 
with said external subject gas space, said internal 
space having a first portion (6) which is adjacent to 
said first diffusion control means (1 2, 58) and which 
includes said first processing zone, and a second 
portion (8) remote from said first diffusion control 
means and which includes said second processing 
zone. 

7. An apparatus according to claim 5, wherein said 
first and second processing zones (6, 8, 44), said 
first and second diffusion control means (12, 14) 
and said first and second electrochemical oxygen 
pumping cells (4a, 4c, 16, 18, 28, 30) are integrally 
provided in a sensing element (2) which includes 
said first and second oxygen ion conductive solid 
electrolyte layers (4a , 4c) as an integral part thereof, 
said sensing element having a first and a second 
internal cavity (6, 8) which provide said first and sec- 
ond processing zones, respectively, said first inter- 
nal cavity communicating with said external subject 
gas space, white said second internal cavity com- 
municating with said first internal cavity. 
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8. An apparatus according to claim 7, wherein said 
first diffusion control means (12) is formed in com- 
munication with said first internal cavity (6) and is 
open to said externa! subject gas space, while said 
second diffusion control means (14) is formed be- 5 
tween and in communication with said first and sec- 
ond internal cavities (6, 8). 

9. An apparatus according to any one of claims 6-8, 
further comprising a selective oxidizing catalyst (46) 10 
capable of oxidizing carbon monoxide and hydro- 
gen included as combustible gas components in 
said subject gas and not capable of oxidizing hydro- 
carbon also included as a combustible gas compo- 
nent in said subject gas, said selective oxidizing cat- 15 
alyst being positioned relative to said first process- 
ing zone (6, 44) such that said subject gas is 
brought into contact with said selective oxidizing 
catalyst when said subject gas is introduced into 
said first processing zone. 20 

10. An apparatus according to any one of claims 5-9, 
further comprising first oxygen partial pressure de- 
tecting means (4c, 22, 24) for detecting said oxygen 
partial pressure of the atmosphere within said first 25 
processing zone (6, 44), and a variable-voltage 
power source (20) for applying a voltage between 
said first pair of electrodes (1 6, 1 8) of said first elec- 
trochemical oxygen pumping cell such that said 
voltage is controlled on the basis of said oxygen 30 
partial pressure detected by said first oxygen partial 
pressure detecting means, to thereby control said 
oxygen partial pressure of the atmosphere within 
said first processing zone. 

35 

11. An apparatus according to any one of claims 5-10, 
further comprising a power source (32) for applying 
a voltage between said second pair of electrodes 
(28, 30) of said second electrochemical oxygen 
pumping cell such that an oxygen partial pressure *o 
of the atmosphere within said second processing 
zone (8, 44) is held at a predetermined constant val- 
ue. 

12. An apparatus according to claim 11, further com- *5 
prising second oxygen partial pressure detecting 
means (4c, 36, 38) for detecting an oxygen partial 
pressure of the atmosphere within said second 
processing zone (8, 44), said voltage to be applied 
between said second pair of electrodes being de- so 
termined such that said oxygen partial pressure de- 
tected by said second oxygen partial pressure de- 
tecting means Is held at said predetermined con- 
stant value. 

55 

13. An apparatus according to any one of claims 5-12, 
wherein said second processing zone (8, 44) in- 
cludes said second diffusion control means (54). 



14. An apparatus according to claim 13, wherein said 
second diffusion control means (54) consists of a 
porous layer formed on said one (28) of said second 
pair of electrodes (28, 30) of said second electro- 
chemical oxygen pumping cell. 

15. An apparatus according to any one of claims 5-14, 
further comprising heating means (42) for heating 
said first and second electrochemical oxygen 
pumping cells (4a, 4c, 16, 18, 28, 30) to a predeter- 
mined temperature. 



Patentanspriiche 

1 . Verfahren zum Messen einer brennbaren Gaskom- 
ponente eines untersuchten Gases, folgende 
Schritte umfassend: 

das Einleiten des untersuchten Gases in eine 
erste Behandlungszone (6, 44) unter einem 
vorbestimmten Diffusionswiderstand; 

das Beaufschlagen einer ersten elektrochemi- 
schen Sauerstoffpumpzelle (4a, 16,18) mit En- 
ergie, urn einen Sauerstoffpumpvorgang 
durchzufuhren, urn Sauerstoff aus der ersten 
Behandlungszone herauszupumpen, urn da- 
durch einen Sauerstoff-Partialdruck einer At- 
mosphare in der ersten Behandlungszone auf 
einen vorbestimmten Wert zu regulieren, bei 
dem die brennbare Gaskomponente im We- 
sentlichen nicht verbrannt werden kann; 

das Einleiten der Atmosphare aus der ersten 
Behandlungszone in eine zweite Behandlungs- 
zone (8, 44) unter einem vorbestimmten Diffu- 
sionswiderstand; 

das Beaufschlagen einer zweiten elektroche- 
mischen Sauerstoffpumpzelle (4c, 28, 30) mit 
Energie, urn einen Sauerstoffpumpvorgang 
durchzufuhren, urn Sauerstoff in die zweite Be- 
handlungszone zu pumpen, urn dadurch die in 
einer Atmosphare in der zweiten Behandlungs- 
zone vorhandene brennbare Gaskomponente 
zu verbrennen; und 

das Ermitteln eines aus einem Pumpstrom, der 
durch die zweite elektrochemische Sauerstoff- 
pumpzelle flieRt und einer Spannung zwischen 
Elektroden (28, 30) der zweiten elektrochemi- 
schen Sauerstoffpumpzelle wahrend des Be- 
aufschlagens der zweiten elektrochemischen 
Sauerstoffpumpzelle mit Energie, und 

das Erhalten einer Menge der brennbaren Gas- 
komponente im untersuchten Gas auf Basis 
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des bzw. der ermittelten Pumpstroms- oder 
-spannung; 

dadurch gekennzeichnet, dass das untersuchte 
Gas Wasserstoff und Kohlenwasserstoff als brenn- 5 
bare Gaskomponenten enthalt, wobei das Verfah- 
ren weiters einen Schritt des Beaufschlagens einer 
Protonenpumpe (4g, 48, 50) mit Energie umfasst, 
urn einen Protonenpumpvorgang durchzufuhren, 
um Wasserstoff aus der ersten oder der zweiten Be- 10 
arbeitungszone herauszupumpen, und worin der 
Schritt des Erhaltens einer Menge der brennbaren 
Gaskomponente das Bestimmen einer Konzentra- 
tion des Kohlenwasserstoffs im untersuchten Gas 
auf Basis des bzw. der ermittelten Pumpstroms *5 
oder -spannung der elektrochemischen Sauerstoff- 
pumpzelle umfasst. 

2. Verfahren nach Anspruch 1 , weiters umfassend ei- 
nen Schritt des Detektierens des Sauerstoff- Parti- 20 
aldrucks der Atmosphare in der ersten Bearbei- 
tungszone, und worin der Schritt des Beaufschla- 
gens der ersten elektrochemischen Sauerstoff- 
pumpzelle mit Energie das Regulieren einer Span- 
nung einer Leistungsquelle (20) mit variabler Span- 25 
nung, die an Elektroden (16,18) der ersten elektro- 
chemischen Sauerstoffpumpzelle anzulegen ist, 

auf Basis des ermittelten Sauerstoff-Partiald rucks 
in der ersten Bearbeitungszone umfasst, so dass 
der ermittelte Sauerstoff-Partialdruck in der ersten 30 
Bearbeitungszone auf dem vorbestimmten Wert 
gehalten wird. 

3. Verfahren nach Anspruch 1 oder 2, worin der Sau- 
erstoff-Partialdruck der Atmosphare in der ersten 35 
Bearbeitungszone (6, 44) auf 1 0 -14 atm oder darun- 
ter gehalten wird. 

4. Verfahren nach einem der Anspruche 1 bis 3, worin 
der Schritt des Beaufschlagens der zweiten elektro- 
chemischen Sauerstoffpumpzelle mit Energie das 
Durchfuhren des Sauerstoffpumpvorgangs auf sol- 
che Weise umfasst, dass eine in die zweite Bear- 
beitungszone (8, 44) zu pumpende Sauerstoffmen- 
ge nicht kleiner ist als eine Menge, die im Wesent- 
lichen notwendig ist, um die brennbare Gaskompo- 
nente zu verbrennen, und dass ein Partialdruck von 
restlichem Sauerstoff, der nach dem Verbrennen 
der brennbaren Gaskomponente in der zweiten Be- 
arbeitungszone verbleibt, auf einem vorbestimmten 
Wert gehalten wird. 

5. Vorrichtung zum Messen einer brennbaren Gas- 
komponente eines untersuchten Gases, umfas- 
send: 

eine erste Bearbeitungszone (6, 44), die mit ei- 
nem Aufienraum fur untersuchtes Gas kommu- 



niziert, in dem das untersuchte Gas vorliegt; 

ein erstes Diffusionsregulierungsmittel (12, 
58), um das untersuchte Gas aus dem Auften- 
raum fur untersuchtes Gas unter einem vorbe- 
stimmten Diffusionswiderstand in die erste Be- 
arbeitungszone einzuleiten; 

eine erste elektrochemische Sauerstoffpump- 
zelle (4a, 16, 18), die eine erste Sauerstoffion 
leitende Trockenelektrolytschicht (4a, 4c), die 
die erste Bearbeitungszone teilweise definiert, 
und ein erstes Paar Elektroden (16, 18) um- 
fasst, die in Kontakt mit der ersten Sauerstoffi- 
on leitenden Trockenelektrolytschicht angeord- 
net sind und von denen eine gegenuber der er- 
sten Bearbeitungszone freiliegt, wobei die er- 
ste elektrochemische Sauerstoffpumpzelle mit 
Energie beaufschlagt wird, um einen Sauer- 
stoff pumpvorgang durchzufuhren, um Sauer- 
stoff aus der ersten Bearbeitungszone heraus- 
zupumpen, um dadurch einen Sauerstoffparti- 
aldruck einer Atmosphare in der ersten Bear- 
beitungszone auf einen vorbestimmten Wert zu 
regulieren, bei dem die brennbare Gaskompo- 
nente im Wesentlichen nicht verbrannt werden 
kann; 

eine zweite Bearbeitungszone (8, 44),die mit 
der ersten Bearbeitungszone kommuniziert; 

ein zweites Diffusionsregulierungsmittel (14, 
54), um die Atmosphare aus der ersten Bear- 
beitungszone unter einem vorbestimmten Dif- 
fusionswiderstand in die zweite Bearbeitungs- 
zone einzuleiten; 



eine zweite elektrochemische Sauerstoffpump- 
zelle (4c, 28, 30), die einen zweite Sauerstoffi- 
40 on leitende Trockenelektrolytschicht (4c), die 

die zweite Bearbeitungszone teilweise defi- 
niert, und ein zweites Paar Elektroden umfasst, 
die in der zweiten Sauerstoffion leitenden Trok- 
kenelektrolytschicht angeordnet sind und von 
45 denen eine gegenuber der zweiten Bearbei- 

tungszone freiliegt, wobei die zweite elektro- 
chemische Sauerstoffpumpzelle mit Energie 
beaufschlagt wird, um einen Sauerstoff pump- 
vorgang durchzufuhren, um Sauerstoff in die 
50 zweite Berabeitungszone zu pumpen, um da- 

durch die in einer Atmosphare in der zweiten 
Bearbeitungszone vorhandene brennbare 
Gaskomponente zu verbrennen; und 

55 Detektionsmittel (34), um eines aus einem 

Pumpstrom, derdurch die zweite elektrochemi- 
sche Sauerstoffpumpzelle flie&t, und einer 
Spannung zwischen dem zweiten Paar Elektro- 
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den wahrend des Beaufschlagens der zweiten 
elektrochemischen Sauerstoffpumpzelle mit 
Energie zu ermitteln; 

gekennzeichnet durch eine Protonenpumpe (4g, 
48, 50), die eine Protonenion leitende Trockenelek- 
trolytschicht (4g), die eine aus der ersten und zwei- 
ten Bearbeitungszone (6, 8, 44) teilweise definiert, 
und ein Paar Protonenpumpeiektroden (48, 50) um- 
fasst, die in Kontakt mit der Protonenion leitenden 
Trockenelektrolytschicht angeordnet sind und von 
denen eine gegenuber einer aus der ersten und der 
zweiten Bearbeitungszone freiliegt, wobei die Pro- 
tonenpumpe mit Energie beaufschlagt wird, urn ei- 
nen Protonenpumpvorgang durchzufiihren, urn 
Wasserstoff aus einer aus der ersten und der zwei- 
ten Bearbeitungszone zu pumpen. 

6. Vorrichtung nach Anspruch 5, worin die erste und 
die zweite Bearbeitungszone (6, 8, 44), das erste 
und das zweite Diffusionsregulierungsmittel (12, 
58, 14, 54) und die erste und die zweite elektroche- 
mische Sauerstoffpumpzelle (4a, 4c, 16, 18, 8, 30) 
einstuckig in einem Abfuhlelement (2) vorgesehen 
sind, das die erste und die zweite Sauerstoffion lei- 
tende Trockenelektrolytschicht (4a, 4c) als integra- 
len Bestandteil davon umfasst, wobei das Abfuhl- 
element einen einzigen allgemein langlichen Innen- 
raum (44) umfasst, der mit dem Aufienraum fur un- 
tersuchtes Gas kommuniziert, wobei der Innen- 
raum einen ersten Abschnitt (6), der an das erste 
Diffusionregulierungsmittel (12, 58) angrenzt und 
der die erste Bearbeitungszone umfasst, sowie ei- 
nen zweiten Abschnitt (8) umfasst, der vom ersten 
Diffusionsregulierungsmittel entfernt ist und die 
zweite Bearbeitungszone umfasst. 

7. Vorrichtung nach Anspruch 5, worin die erste und 
die zweite Bearbeitungszone (6, 8, 44), das erste 
und das zweite Diffusionsregulierungsmittel (12, 
14) sowie die erste und die zweite elektrochemi- 
sche Sauerstoffpumpzelle (4a, 4c, 16, 18, 28, 30) 
einstuckig in einem Abfuhlelement (2) vorgesehen 
sind, das die erste und die zweite Sauerstoffion lei- 
tende Trockenelektrolytschicht (4a, 4c) als integra- 
len Bestandteil davon umfasst, wobei das Abfuhl- 
element einen ersten und einen zweiten inneren 
Hohlraum (6, 8) aufweist, die die erste bzw. die 
zweite Bearbeitungszone bereitstellen, wobei der 
erste innere Hohlraum mit dem Auftenraum fur un- 
tersuchtes Gas kommuniziert, wahrend der zweite 
innere Hohlraum mit dem ersten inneren Hohlraum 
kommuniziert. 

8. Vorrichtung nach Anspruch 7, worin das erste Dif- 
fusionsregulierungsmittel (12) in Kommunikation 
mit dem ersten inneren Hohlraum (6) ausgebildet 
ist und gegenOber dem AuBenraum fur untersuch- 



tes Gas offen ist, wahrend das zweite Diffusionsre- 
gulierungsmittel (1 4) zwischen dem ersten und dem 
zweiten inneren Hohlraum (6, 8) und in Kommuni- 
kation damit ausgebildet ist. 

5 

9. Vorrichtung nach einem der Anspruche 6 bis 8, wei- 
ters umfassend einen selektiv oxidierenden Kataly- 
sator (46), der fahig ist, Kohlenmonoxid und Was- 
serstoff zu oxidieren, die als brennbare Gaskompo- 

10 nenten im untersuchten Gas enthalten sind, und 
nicht fahig ist, Kohlenwasserstoff zu oxidieren, das 
ebenfalls als brennbare Gaskomponente im unter- 
suchten Gas enthalten ist, wobei der selektiv oxi- 
dierende Katalysator in Bezug auf die erste Bear- 

15 beitungszone (6, 44) so angeordnet ist, dass das 
untersuchte Gas mit dem selektiv oxidierenden Ka- 
talysator in Kontakt gebracht wird, wenn das unter- 
suchte Gas in die erste Bearbeitungszone eingelei- 
tet wird. 

20 

10. Vorrichtung nach einem der Anspruche 5 bis 9, wei- 
ters umfassend ein erstes Sauerstoffpartialdruck- 
Detektionsmittel (4c, 22, 24) zum Detektieren des 
Sauerstoff-Partialdrucks der Atmosphare in der er- 

25 sten Bearbeitungszone (6, 44) und eine Span- 
nungsquelle (20) mit variabler Spannung zum An- 
legen einer Spannung zwischen dem ersten Paar 
Elektroden (16, 18) der ersten elektrochemischen 
Sauerstoffpumpzelle, so dass die Spannung auf 

30 Basis des Sauerstoff-Partialdrucks reguliert wird, 
der vom ersten Sauerstoffpartialdruck-Detektions- 
mittel ermittelt wird, urn dadurch den Sauerstoff- 
Partialdruck der Atmosphare in der ersten Bearbei- 
tungszone zu regutieren. 

35 

11. Vorrichtung nach einem der Anspruche 5 bis 10, 
weiters umfassend eine Spannungsquelle (32) zum 
Anlegen einer Spannung zwischen dem zweiten 
Paar Elektroden (28, 30) der zweiten elektrochemi- 

*o schen Sauerstoffpumpzelle, so dass ein Sauerstoff- 
Partialdruck der Atmosphare in der zweiten Bear- 
beitungszone (8, 44) auf einem vorbestimmten kon- 
stanten Wert gehalten wird. 

45 12. Vorrichtung nach Anspruch 11, weiters umfassend 
ein zweites Sauerstoffpartialdruck-Detektionsmittel 
(4c, 36, 38) zum Ermitteln eines Sauerstoff-Partial- 
drucks der Atmosphare in der zweiten Bearbei- 
tungszone (8, 44), wobei die Spannung, die zwi- 

50 schen dem zweiten Paar Elektroden anzulegen ist, 
so bestimmtwird, dass der vom zweiten Sauerstoff- 
partialdruck-Detektionsmittel ermittelte Sauerstoff- 
Partialdruck auf dem vorbestimmten konstanten 
Wert gehalten wird. 

55 

13. Vorrichtung nach einem der Anspruche 5 bis 12, 
worin die zweite Bearbeitungszone (8, 44) das 
zweite Diffusionsregulierungsmittel (54) enthalt 
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14. Vorrichtung nach Anspruch 13, worin das zweite 
Diffusionsregulierungsmittel (54) aus einer pordsen 
Schicht besteht, die auf der einen (28) aus dem 
zweiten Paar Elektroden (28,30) der zweiten elek- 
trochemischen Sauerstoffpumpzelle ausgebildet 5 
ist. 

15. Vorrichtung nach einem der Ansprtiche 5 bis 14, 
weiters umfassend Heizmittel (42), um die erste 
und die zweite elektrochemische Sauerstoffpump- to 
zelle (4a, 4c, 16,18, 28, 30) auf eine vorbestimmte 
Temperatur zu erwSrmen. 



Revendications ts 

1. M6thode de mesure d'un composant de gaz com- 
bustible d'un gaz sujet, comprenant les etapes de: 

introduire ledit gaz sujet dans une premiere zo- 20 
ne de traitement (6, 44) sous une resistance 
predeterminee de diffusion; 
exciter une premiere cellule de pompage d'oxy- 
gene electrochimique (4a, 16, 18) pour accom- 
plir une action de pompage d'oxygene pour 25 
pomper I'oxygene hors de ladite premiere zone 
de traitement pour ainsi controler une pression 3. 
partielle d'oxygene d'une atmosphere dans la- 
dite premiere zone de traitement a une valeur 
predeterminee a laquelle ledit composant du 30 
gaz combustible ne peut etre sensiblement bru- 
le; 4. 
introduire I'atmosphere de ladite premiere zone 
de traitement dans une seconde zone de trai- 
tement (8, 44) sous une resistance predetermi- 35 
nee de diffusion; 

exciter une seconde cellule de pompage d'oxy- 
gene electrochimique (4c, 28, 30) pour accom- 
plir une action de pompage d'oxygene pour 
pomper I'oxygene dans ladite seconde zone de *o 
traitement pour ainsi bailer ledit composant de 
gaz combustible present dans une atmosphere 
dans ladite seconde zone de traitement; et 
detecter Tun d'un courant de pompage s'ecou- 
lant a travers ladite seconde cellule de pompa- 45 
ge d'oxygene electrochimique et une tension 5. 
entre electrodes (28, 30) de ladite seconde cel- 
lule de pompage d'oxygene electrochimique 
pendant I'excitation de ladite seconde cellule 
de pompage d'oxygene electrochimique et ob- 50 
tenir une quantite dudit composant de gaz com- 
bustible dans ledit gaz sujet, sur la base du cou- 
rant ou de la tension de pompage detecte; 

caracterisee en ce que ledit gaz sujet con- 55 
tient de i'hydrogene et un hydrocarbure comme 
composant de gaz combustible, ladite methode 
comprenant de plus une etape d'exciter une pompe 



a protons (4g, 48, 50) pour accompiir une action de 
pompage des protons pour pomper I'hydrogene 
hors de ladite premiere ou de ladite seconde zone 
de traitement et ou ladite etape d'obtention d'une 
quantite dudit composant de gaz combustible con- 
siste a determiner une concentration dudit hydro- 
carbure dans ledit gaz sujet sur la base dudit cou- 
rant de pompage ou de ladite tension detecte de 
ladite cellule de pompage d'oxygene electrochimi- 
que. 

Methode selon la revendication 1 comprenant de 
plus une etape de detection de ladite pression par- 
tielle d'oxygene de ladite atmosphere dans ladite 
premiere zone de traitement et ou ladite etape d'ex- 
citation de ladite premiere cellule de pompage 
d'oxygene electrochimique consiste a contr6ler une 
tension d'une source d'energie a tension variable 
(20) a appliquer aux electrodes (16, 18) de ladite 
premiere cellule de pompage d'oxygene electrochi- 
mique, sur la base de la pression partielle d'oxyge- 
ne detectee dans ladite premiere zone de traite- 
ment, de facon que ladite pression partielle d'oxy- 
gene detectee dans ladite premiere zone de traite- 
ment soit maintenue a ladite valeur predeterminee. 

Methode selon la revendication 1 ou 2, ou ladite 
pression partielle d'oxygene de I'atmosphere dans 
ladite premiere zone de traitement (6, 44) est main- 
tenue 10" 14 atm ou moins. 

Methode selon Tune quelconque des revendica- 
tions 1-3, ou ladite etape d'exciter ladite seconde 
cellule de pompage d'oxygene Electrochimique 
consiste a accompiir ladite action de pompage 
d'oxygene de facon qu'une quantite d'oxygene a 
pomper dans ladite seconde zone de traitement (8, 
44) ne soit pas plus faible qu'une quantite qui est 
sensiblement necessaire pour boiler ledit compo- 
sant de gaz combustible et de facon qu'une pres- 
sion partielle d'oxygene residuel restant dans ladite 
seconde zone de traitement apres combustion du- 
dit composant de gaz combustible soit maintenue 
a une valeur predeterminee. 

Appareil pour mesurer un composant de gaz com- 
bustible d'un gaz sujet comprenant: 

une premiere zone de traitement (6, 44) com- 
muniquant avec un espace de gaz sujet exter- 
ne dans laquelle existe ledit gaz sujet; 
un premier moyen de controle de diffusion (12, 
58) pour introduire ledit gaz sujet dudit espace 
du gaz sujet externe dans ladite premiere zone 
de traitement a une resistance predeterminee 
de diffusion; 

une premiere cellule de pompage d'oxygene 
electrochimique (4a, 16. 18) comprenant une 
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premiere couche d'electrolyte solide conduc- 
teur de I'ion oxygene (4a, 4c) qui definit partiel- 
lement ladite premiere zone de traitement et 
une premiere paire d'electrodes (16, 18) qui 
sont disposees en contact avec ladite premiere 5 
couche d'electrolyte solide conducteur de I'ion 6. 
oxygene et dont une est exposee a ladite pre- 
miere zone de traitement, ladite premiere cel- 
lule de pompage d'oxygene electrochimique 
etant excitee pour accomplir une action de io 
pompage d'oxygene pour pomper I'oxygene 
hors de ladite premiere zone de traitement pour 
ainsi controlerune pression partielle d'oxygene 
d'une atmosphere dans ladite premiere zone 
de traitement a une valeur predeterminee a la- *5 
quelle ledit composant de gaz combustible ne 
peut etre sensiblement brule; 
une seconde zone de traitement (8, 44) com- 
muniquant avec ladite premiere zone de traite- 
ment; 20 
un second moyen de controle de diffusion (14, 
54) pour introduire I'atmosphere de ladite pre- 
miere zone de traitement dans ladite seconde 
zone de traitement sous une resistance prede- 
terminee a la diffusion; 25 
une seconde cellule de pompage d'oxygene 7. 
electrochimique (4c, 28, 30) comprenant une 
seconde couche d'electrolyte solide conduc- 
teur de Hon oxygene (4c) qui definit partielle- 
ment ladite seconde zone de traitement et une 30 
seconde paire d'electrodes qui sont disposees 
dans ladite seconde couche d'electrolyte solide 
conducteur de I'ion oxygene et dont une est ex- 
posee a ladite seconde zone de traitement, la- 
dite seconde cellule de pompage d'oxygene 35 
electrochimique etant excitee pour accomplir 
une action de pompage d'oxygene pour pom- 
per I'oxygene dans ladite seconde zone de trai- 
tement pour ainsi bruler ledit composant de gaz 
combustible present dans une atmosphere *o 
dans ladite seconde zone de traitement; et 
un moyen de detection (34) pour detecter I'un 
d'un courant de pompage s'ecoulant a travers 8. 
ladite seconde cellule de pompage d'oxygene 
electrochimique et une tension entre ladite se- 45 
conde paire d'electrodes pendant I'excitation 
de ladite seconde cellule de pompage d'oxyge- 
ne electrochimique; 

caracterise par une pompe a protons (4g, 48, 50 
50) comprenant une couche d'electrolyte solide 
conducteur d'ions protons (4g) qui definit partielle- 9. 
ment Tune desdites premiere et seconde zones de 
traitement (6, 8, 44), et une paire d'electrodes de 
pompage de protons (48, 50) qui sont disposees en 55 
contact avec ladite couche d'electrolyte solide con- 
ducteur d'ions protons et dont une est exposee a 
rune desdites premiere et seconde zones de traite- 



ment, ladite pompe a protons etant excitee pour ac- 
complir une action de pompage des protons pour 
pomper I'oxygene hors de celle desdites premiere 
et seconde zones de traitement. 

Appareil selon la revendication 5, ou lesdites pre- 
miere et seconde zones de traitement (6, 8, 44), les- 
dits premier et second moyens de controle de dif- 
fusion (12, 58, 14, 54) et lesdites premiere et se- 
conde cellules de pompage d'oxygene electrochi- 
miques (4a, 4c, 16, 18, 28, 30) sont integralement 
prevus dans un element de detection (2) qui con- 
tient lesdits premiere et seconde couches d'electro- 
lyte solide conducteur de I'ion oxygene (4a, 4c) en 
tant que partie integrate, ledit element de detection 
ayant un seu! espace interne generalement allonge 
(44) communiquant avec ledit espace de gaz sujet 
externe, ledit espace interne ayant une premiere 
portion (6) qui est adjacente audit premier moyen 
de controle de diffusion (12, 58) et qui contient ladite 
premiere zone de traitement et une seconde portion 
(8) eloignee dudit premier moyen de controle de dif- 
fusion et qui contient ladite seconde zone de traite- 
ment. 

Appareil selon la revendication 5, ou lesdites pre- 
miere et seconde zones de traitement (6, 8, 44), les- 
dits premier et second moyens de controle de dif- 
fusion (12, 14) et lesdites premiere et seconde cel- 
lules de pompage d'oxygene electrochimiques (4a, 
4c, 16, 18, 28, 30) sont integralement prevus dans 
un element de detection (2) qui contient lesdits pre- 
mier et seconde couches d'electrolyte solide con- 
ducteur d'ions oxygene (4a, 4c) en tant que partie 
integrate, ledit element de detection ayant une pre- 
miere et une seconde cavite interne (6, 8) qui tor- 
ment lesdits premiere et seconde zones de traite- 
ment, respectivement, ladite premiere cavite inter- 
ne communiquant avec ledit espace de gaz sujet 
externe alors que ladite seconde cavite interne 
communique avec ladite premiere cavite interne. 

Appareil selon la revendication 7, ou ledit premier 
moyen de controle de diffusion (12) est forme en 
communication avec ladite premiere cavite interne 
(1 6) et est ouvert vers ledit espace de gaz sujet ex- 
terne, alors que ledit second moyen de controle de 
diffusion (14) est forme entre et en communication 
avec lesdites premiere et seconde cavites internes 
(6, 8). 

Appareil selon Tune quelconque des revendications 
6-8, comprenant de plus un catalyseur a oxydation 
selective (46) capable d'oxyder I'oxyde de carbone 
et I'hydrogene compris comme composants du gaz 
combustible dans ledit gaz sujet et incapable d'oxy- 
der I'hydrocarbure et egalement compris en tant 
que composant du gaz combustible dans ledit gaz 
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sujet, ledit catalyseur a oxydation selective etant 
place relativement a ladite premiere zone de traite- 
ment (6, 44) de facon que ledit gaz sujet soit mis en 
contact avec ledit catalyseur a oxydation selective 
quand ledit gaz sujet est introduit dans ladite pre- 5 
miere zone de traitement. 



(42) pour chauffer lesdites premiere et seconde cel- 
lules de pompage d'oxygene electrochimiques (4a, 
4c, 16, 18, 28, 30) a une temperature predetermi- 
nee. 



10. Appareil selon Tune quelconque des revendications 
5-9 comprenant de plus un premier moyen de de- 
tection de pression partielle d'oxygene (4c, 22, 24) w 
pour detecter ladite pression partielle d'oxygene de 
I'atmosphere dans ladite premiere zone de traite- 
ment (6, 44) et une source d'energie a tension va- 
riable (20) pour appliquer une tension entre ladite 
premiere paire d'electrodes (16, 18) de ladite pre- *5 
miere cellule de pompage d'oxygene electrochimi- 
que de facon que ladite tension soit controlee sur 
la base de ladite pression partielle d'oxygene de- 
tectee par ledit premier moyen de detection de 
pression partielle d'oxygene, pour ainsi controler la- 20 
dite pression partielle d'oxygene de I'atmosphere 
dans ladite premiere zone de traitement. 



1 1 . Appareil selon Tune quelconque des revendications 
5-10, comprenant de plus une source d'energie (32) 25 
pour appliquer une tension entre ladite seconde 
paire d'electrodes (28, 30) de ladite seconde cellule 
de pompage d'oxygene electrochimique de facon 
qu'une pression partielle d'oxygene de I'atmosphe- 
re dans ladite seconde zone de traitement (8, 44) 30 
soit maintenue a une valeur constante predetermi- 
nee. 



12. Appareil selon la revendication 11, comprenant de 
plus un second moyen de detection de pression 35 
partielle d'oxygene (4c, 36, 38) pour detecter une 
pression partielle d'oxygene de I'atmosphere dans 
ladite seconde zone de traitement (8, 44), ladite ten- 
sion a appliquer entre ladite seconde paire d'elec- 
trodes etant determinee de facon que ladite pres- 40 
sion partielle d'oxygene detectee par ledit second 
moyen de detection de pression partielle d'oxygene 
soit maintenue a ladite valeur constante predeter- 
minee. 

45 

1 3. Appareil selon Tune quelconque des revendications 
5-12 ou ladite seconde zone de traitement (8, 44) 
contient ledit second moyen de controle de diffusion 
(54). 

50 

14. Appareil selon la revendication 13, ou ledit second 
moyen de controle de diffusion (54) consiste en une 
couche poreuse formee sur une (28) de ladite se- 
conde paire d'electrodes (28, 30) de ladite seconde 
cellule de pompage d'oxygene electrochimique. 55 



1 5. Appareil selon Tune quelconque des revendications 
5-14, comprenant de plus un moyen de chauffage 
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FIG. 3 
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FIG. 6 
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FIG. 8 
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